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The main objective of this research was to develop a catalytic thermal conversion
process for production of carbon-based nanomaterials (CNs) from kraft lignin. Four
specific objectives were to: (1) understand the structural evolution of kraft lignin during
its thermal treatment process; (2) investigate effects of temperature, and iron catalyst
loading and morphology on the catalytic thermal conversion of kraft lignin to CNs,
understand lignin catalytic thermal conversion mechanism; (3) explore potential
applications of CNs synthesized from kraft lignin as an adsorbent for lead removing from
contaminated water; (4) and propose effective methods for graphene material
characterization.
Experimental results indicated that the crystallinity of CNs from non-catalytic
thermal conversion of kraft lignin increased and amorphous potion in CNs decreased with
increased temperature. Specifically, as temperature increased from 500 to 1000 ºC, CNs
had its lateral crystallite size (La) increased from 6.97 to 13.96 angstrom, its lattice space
(d002) decreased from 3.56 to 3.49 angstrom, and its crystallite (Lc) thickness was
between 8 to 9 angstrom.

The process of catalytic thermal conversion of kraft lignin yielded graphene-based
nanomaterials such as multilayer graphene-encapsulated iron nanoparticles (MLGEINs),
multilayer graphene (MLG) sheets, and MLG nanoribbons. Producing MLGEINs
required a minimum temperature of 750 ºC. The minimum temperature for producing
MLG sheets and MLG nanoribbons was found to be 600 ºC. It was found that carbonous
gases from kraft lignin decomposition acted as the carbon source for MLG sheets and
MLG nanoribbons formation, and solid carbon from carbonized lignin acted as the
carbon source for the formation of MLGEINs. The yield of CNs increased with increased
iron loading. Solid iron nanoparticles as a catalyst favor to form MLG nanoribbons, while
iron nitrate favors to form MLGEINs.
MLGEINs showed a good sorption capacity for aqueous Pb2+. The adsorption
mechanism was mainly dominated by ion-exchange reaction. The final lead contains
MLGEINs can be rapidly separated from solution through a magnet.
FTIR, Raman, and HRTEM techniques are effective tools for characterizing
defects in graphene-based materials. XRD technique is useful to evaluate the average
structure parameters of graphene-based materials. SEM technique can be used to
characterize morphology of graphene-based materials.
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CHAPTER I
INTRODUCTION
1.1

Background

1.1.1

Lignin
Lignin is the most abundant aromatic biopolymer and second most abundant

renewable resource from nature. The chemical structure of lignin is complicated, which
consists of highly cross-linked polyphenolic groups. Figure 1.1 illustrates a schematic
three-dimensional network structure of softwood lignin [1]. Highly cross-linked lignin
consists of three main units: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol as
shown in Figure 1.2 [2]. Those three units bonded together by a variety of inter-unit
linkages as shown in Table 1.1.
Table 1.1

Linkages of lignin in wood as a percent of total linkages.

Name
β-aryl ether
Noncyclic benzyl aryl ether
1,2- Diaryl propane
Phenyl coumarane
Pinoresinol
Diaryl ether
Biphenyl

Type of linkage
β-O-4
α-O-4
β-1
β-5
β- β
4-O-5
5-5

1

Softwood (%)
35-60
2-8
7
9-12
2
<4
~10

Hardwood (%)
50-70
7
7
6
3
~7
~5

Figure 1.1

Structure model of softwood lignin.

From wikipedia (http://en.wikipedia.org/wiki/Lignin)

Figure 1.2

Main units of lignin.
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Lignin can be isolated from wood as a byproduct of a wood pulping process. Each
year, there is 70 million tons of lignin produced in existing pulping industry worldwide
[3]. Kraft pulping is the widely used chemical pulping process for lignin isolation from
wood, which consists of 95 % world pulping production [3]. During that process, lignin is
chemically dissolved into a water solution of NaS2/ NaOH and cleaved into smaller
fragments. The main reactions include cleavage of phenolic α- and β- ethers,
demethylation, sulfonation, and condensation. Figure 1.3 illustrates that cleavage of αand β- ether linkages between phenylpropane units in kraft pulping process [4]. In the
first step, the cleaved α-carbonyl group formed quinone methide intermediates in the
heated aqueous NaOH solution. Then hydrosulphide ions (-SH) attach to the α-C on the
side chain of lignin and act as nucleophile on β-C, which leads to the cleavage of β-O-4
linkages.

Figure 1.3

Alkaline degradation of lignin α- and β- ether units in kraft process.
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1.1.2

Carbon-based nanomaterials (CNs)
Carbon is one of the most abundant elements in nature, and carbon-based

materials are unique in many ways [5]. The carbon atoms bond to linear (sp), planar (sp2),
and tetrahedral (sp3) arrangements to form various allotropes. The CNs could be sp3
bonded nano-diamond, sp2 bonded graphene-based nanomaterials (GNs), and nano-sized
amorphous carbon materials which contians both sp2 and sp3 bonded carbon atoms. The
CNs is discussed in this dissertation is refers in particular to sp2 bonded GNs, which is
the carbonaceous solid that consist primary of sp2 bonded carbon atoms with the building
block of aromatic graphene layer [6].
Graphene, a single-atom-thick sheet of honeycomb arranged, sp2 bonded carbon
atoms. Graphene is a two-dimensional (2D) material as illustrated in Figure 1.4, and that
is the fundamental building block of many GNs. Graphene wrapped up formed zerodimensional fullerenes, rolled up formed one-dimensional CNT, and stacked up formed
three-dimensional graphite [7]. Graphene was being mentioned for the first time by
Boehm et al. [8] in 1986, and it was successfully separated from graphite by Andre Geim
et al. [9] until 2004.
Buckminsterfullerene (C60) is a synthetic zero-dimensional (0D) carbon allotrope
by Robert Curl et al. [10] in 1985. After that, more fullerenes such as C70, C84, and
C240 were discovered by scientists. C60 composes of twelves pentagonal and twenty
hexagonal faces and can be considered a ball formed by curled graphene (Figure 1.4).
In 1991, Iijima [11] discovered one-dimensional (1D) carbon nanotubes (CNTs),
which is another synthetic carbon allotrope. CNTs can be viewed as rolling graphene into
seamless cylinders, as illustrated in Figure 1.4. The tensile strength of carbon nanotubes
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estimated by theoretical calculations is about 150 Gpa, which makes it an excellent
candidate for nanocomposite applications [12,13]. Carbon nanotubes have a high current
carrying capacity of 10 uA/nm2, which is three orders of magnitude higher than that of
noble metals [14], and makes it as an excellent conductive materials [15].

Figure 1.4

Graphene, fullerene, carbon nanotubes, and graphite structure model.

The most widely available carbon allotrope in nature is graphite, which is a threedimensional (3D) material corresponding to the ABAB (most stable packing) stacking of
graphene layers. Figure 1.5a shows the structure model of graphite. The in-plane lattice
constant a is 1.42 Å, interplanar lattice constant c is 6.70 Å, and distance between each
graphene layer is 3.35 Å [16]. Turbostratic carbon is another form of 3D material built
from graphene layers. The stacking of graphene layers in turbostratic carbon is disordered
with an ABCABC (less stable packing) structure [17]. The turbostratic carbon contains
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many defects such as curved graphene layers. Figure 1.5b illustrates the structure model
of turbostratic carbon. The stacking space between graphene layers is usually from 3.40
to 3.60 Å.

Figure 1.5

Structure model of (a) graphite and (b) turbostratic carbon.

Carbon black is another widely used carbon allotrope produced by the incomplete
combustion or thermal decomposition of gaseous or liquid hydrocarbons under controlled
conditions. Carbon black is composed of many multilayer graphene (MLG) nanosheets
stacking into a spherical shape (Figure 1.6) [5].

Figure 1.6

Schematic structure of carbon black.
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MLG encapsulated metal particle is another synthetic carbon-based nanomaterial
which has attracted lots of research attentions [18]. It is a fullerene nanosphere with a
metal core, such as Fe, Ni, and Co, etc. Figure 1.7 shows the schematic structure of a
MLG encapsulated metal particle.

Figure 1.7

Schematic structure of MLG encapsulated metal particle.

Graphite can be formed through carbonizing some organic materials at hightemperature ranging from 2000 to 3000 °C. However, many organic materials cannot be
transformed into graphite even at a temperature of 3000 °C, but only turbostratic carbon
can be formed. Based on this phenomenon, Franklin [19] divided carbon from carbonized
organic materials into two classes: non-graphitizing carbon and graphitizing carbon. As
shown in Figure 1.8, non-graphitizing carbon cannot be transformed into graphite even at
temperatures of 3000 °C, which composes of randomly oriented MLG nanosheets.
Graphitizing carbon can be transformed into graphite at temperatures below 3000 °C,
which has more compact structure of MLG nanosheets alone making a tendency of
parallelism of nearest neighbors. Cokes from carbonized pitch and coking coals are
graphitizing carbon [20]. Chars from carbonized low-rank coals, biomass [21], phenolic
and furan-based resins [22] are non-graphitizing carbon.
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Figure 1.8

Franklin’s representations of (a) non-graphitizing and (b) graphitizing
carbons.

The structure of non-graphitizing carbons varies with carbonization temperature,
impurity atoms, and bond types. The non-graphitizing carbon derived from carbonization
temperature lower than 1000 °C, contains impurity atoms such as hydrogen and oxygen,
and many sp3 bonded carbon domains. Thermally treated non-graphitizing carbon at the
temperature higher than 2000 °C will eliminate almost all impurity atoms and sp3 bonded
carbon atoms, and produce nearly 100 % sp2 bonded carbon structure. This nearly 100 %
sp2 bonded carbon structure is called glassy carbon (also called vitreous carbon) [23]. In
1972, Jenkins and Kawamura [24] had modeled the glassy carbon had a tangle of MLG
ribbons as shown in Figure 1.9. This model has been widely accepted due to it well
explains to the fact that glassy carbon is highly impermeable. However, it failed to
explain why glassy carbon has low reactivity since the proposed structure model has a
high proportion of high reactive edge atoms [25]. A few years later, another scientist
group [5] developed a new model for glassy carbon (Figure 1.9b), based on the fact that
glassy carbon has a network of closed pore structures [5,26]. In 2004, Harris [25] used
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high-reslution electron microscopy (HRTEM) to characterize thermosetting resins and
illustrated a fullerenes-like structure model for glassy carbon. He claimed lowtemperature (1000 °C) glassy carbon consists of tightly curled single aromatic carbon
layers which enclose micropores of the order of 1 nm in diameter (Figure 1.10a), and
high-temperature (> 2000 °C) glassy carbon consists of tightly curled single aromatic
carbon layers which enclose micropores of the order of 5 nm in diameter (Figure 1.10b).
Glass carbon is widely used for making high-temperature crucibles and electrodes
because of its very high thermal stability and extreme resistance to chemicals.

Figure 1.9

Schematic of (a) Jenkins–Kawamura model and (b) close pore structure
model for glassy carbon.
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Figure 1.10

1.2

Schematic models of (a) low-temperature and (b) high-temperature glassy
carbon.

Problem Statement
Kraft lignin is not well utilized but usually burned onsite to generate energy for

heat production for pulping mill [27]. The low cost and high availability of kraft lignin
have brought much interest on its use as a precursor for producing carbon materials like
activated carbons [28,29], carbon fibers [30,31] and composite materials. The main issue
is high utilization process cost and low-value products of lignin makes the utilization of
kraft lignin is not economically feasible [32]. There is a need to utilize lignin especially
for kraft lignin widely and more effectively. It was proposed in this study that kraft lignin
is used as a carbon source for producing GMs through a catalytic thermal treatment
process.
1.3

Objectives
The aim of this research was to develop a catalytic thermal conversion process of

synthesizing kraft lignin-derived GMs, and to explore the potential applications of kraft
lignin-derived GMs.
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The study was divided into five parts. The first part (Chapter 2) was to study
thermal treatment process of kraft lignin. The specific objectives were to: (1) study the
thermal degradation process of kraft lignin at the temperature range of 200 to 1000 ºC;
and (2) characterize carbon structure of thermally treated kraft lignin carbonization
samples.
The second part (Chapter 3) was to investigate the temperature effects on catalytic
thermal treatment process of kraft lignin and to understand the catalytic reaction
mechanism. The specific objectives were to: (1) study temperature effect on kraft lignin
weight loss and thermal conversion yield; (2) study temperature effect on catalytic
decomposition of kraft lignin; (3) study temperature effect on iron phase; (4) study
temperature effect on carbon structure of catalytic thermally treated kraft lignin.
The third part (Chapters 4 and 5) was to explore the iron loading and iron catalyst
morphology effects on the catalytic thermal treatment process of kraft lignin. The specific
objectives were to: (1) investigate the structure change of kraft lignin after promoted iron;
(2) study the effect of iron loading on the catalytic thermal treatment process; (3)
investigate the acid and water post treatment process on GMs morphology; (4) study the
effect of iron morphology (iron nanoparticles and iron nitrate) on the catalytic
carbonization process of kraft lignin.
The fourth part (Chapter 6) was to explore the potential applications of ligninderived carbon materials on lead contaminated water purification. The specific objectives
were to: (1) study the effect of initial pH of lead solution on lead ion adsorption capacity;
(2) study the effect of particle sizes of lignin-derived carbon materials on lead ion
adsorption capacity; (3) study the effect of initial concentration of lead solution on lead
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ion adsorption capacity; (4) study the effect of adsorption time on lead ion adsorption
capacity.
The fifth part (Chapter 7) was to explore the characterization techniques for
analyzing GNs. The specific objectives were to: (1) characterize commercial graphene
samples using different techniques; (2) summarize the structure parameter of commercial
graphene materials; and (3) compare the advantages and disadvantages of different
characterization techniques.
1.4
1.4.1

Literature review
Carbon material from biomass
The thermal decomposition of biomass is investigated [33,34] with the main

purpose of producing fuels [35]. In general, the thermal decomposition of biomass yields
solid carbon (biochar), liquid bio-oil, and gases. There are three typical processes of
thermal decomposition of biomass, fast pyrolysis, slow pyrolysis, and gasification [36].
In a fast pyrolysis process, dry biomass is heated to 400 to 500 ºC for several
seconds [37]. Slow pyrolysis (carbonization) has a relative slow ramping rate which is
lower than 50 ºC / min [36]. Fast pyrolysis yields 60 to 75 wt% of liquid bio-oil, while
slow pyrolysis yields 20 to 40 wt% solid carbon products. Gasification converts biomass
into syngas through controlling oxygen content and yield up to 85 wt% of gases [36].
Property characterization of liquid bio-oil and volatile gases from wood chips and lignin
were the research focus in the past several years. However, the structure of solid carbon
from lignin pyrolysis has rarely been studied.
Carbon materials derived from biomass pyrolysis are different with nature carbon
allotropes, such as graphite (many layers of sp2 hybridized carbon atoms stacking as
12

hexagonal structure) and diamond (sp3 hybridized tetrahedral geometry carbon atoms).
Biomass pyrolysis carbon is non-graphitizing carbon [21] which consists of both sp2 and
sp3 bonded carbon atoms [38]. The microstructure of biomass pyrolysis carbon is still
unclear and debatable. Some researchers [39,40] consider carbon materials from biomass
as amorphous carbon because sp2 hybridized aromatic carbon layers randomly tacked
together without any long-range order. The amorphous carbon is defined as a mixture of
sp2 and sp3 hybridized carbon bonds with a high concentration of dangling bonds [41].
However, Andrew et al. [42] claimed that short-range ordered nano-sized graphene layers
existed in biomass pyrolysis carbons.
Lignin is the second most abundant biomass after cellulose, and is a renewable
carbon source for carbon fiber production [43]. The physicochemical properties of carbon
fibers are dominated by the nature of carbon structure. Thus, it is important to understand
carbon structure from thermally treated lignin. Sharma et al. [44] investigated the surface
morphology and functional group changes occurring in alkali lignin carbonized from 150
to 550 ºC, but no carbon structure was studied. Rodríguez-Mirasol et al. [45] investigated
the carbon structure parameters of high temperature treated (from 1100 to 2800 ºC) kraft
lignin using X-ray diffraction (XRD) technique, and revealed that the crystallinity of
carbon was increased with the temperature. The microstructure of carbon from lignin
thermally treated at temperatures below 1000 ºC is unclear, and quantitative analyses of
carbon structure such as size and orientation of nano-sized graphene layers are limited.
1.4.2

GNs production
Arc-discharge [16], laser vaporization [46], chemical vapor deposition (CVD)

[47], plasma-enhanced CVD [48,49], thermal treatment of GNs [50] and supported
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growth [51] are typical methods employed to produce these materials. Among all
strategies, the CVD is the most popular one widely applied for graphene [52] and CNTs
[47] production. Figure 1.11 illustrates a typical CVD setup [53]. During the CVD
process, gas species are fed into the reactor and pass through a hot zone, where
hydrocarbon precursors decompose to carbon radicals at the metal substrate surface and
then, form GNs [54]. The metal substrate not only works as a catalyst to lower the
energy barrier of the reaction but also determine the GNs deposition mechanism.

Figure 1.11

Schematic diagram of a CVD system.

In the past few years, graphene and CNTs processed by CVD have been
demonstrated on a variety of transition metals such as Ni [55] and Fe [56]. Graphene and
CNTs growth from iron is related to a dissolution and precipitation mechanism (Figure
1.12) because Fe has high carbon solubility at high temperatures. Specifically, at high
temperatures (600 to 1000ºC), the hydrocarbon will decompose to carbon atoms and
dissolve into Fe films/ nanoparticles to form a solid C-Fe solution. The carbon solubility
in Fe decreases as its temperature goes down, and carbon atoms diffuse out from bulk Fe
and precipitate on the surface to form graphene sheets and CNTs [57]. The CVD
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graphene/ CNTs process from nickel substrate is similar to Fe because Ni has high carbon
solubility as well.

Figure 1.12

Schematic diagram of (a) graphene and (b) CNTs formation on Fe.

The CVD process is limited to the use of gaseous raw materials, making it
difficult to apply the technology to a wider variety of potential carbon precursors. In
recent years, much research has yielded novel ways to synthesize graphene sheets using
solid carbon feedstock, such as poly(methyl methacrylate) (PMMA) [58], polystyrene
[59] and amorphous carbon [60]. Those processes are related to a thermal annealing
mechanism (Figure 1.13). The schematic mechanism in Figure 1.13 could also be
applied to CNTs growth with solid carbon precursors if the catalyst film is changed to
nanoparticles. Large-scale GNs production is limited due to those processes require either
coating of polymer on the catalyst surface or decomposition of a thin film of catalyst onto
an amorphous surface.
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Figure 1.13

1.4.3

Schematic diagrams of the metal-catalyzed crystallization of polymer (a)
and amorphous carbon (b) to graphene by thermal annealing.

GNs synthesizes from solid carbon source
In the past few years, simple methods of using transition metals (Fe, Ni, Co, etc.)

as catalysts to synthesize GNs from solid polymer carbon sources such as phenolic resins
[61], vinyl polymers [62] and saccharides [63] were reported. In the processes, iron (or
nickel, cobalt) salts were mixed with various solid carbon sources and then carbonized at
the temperature (range from 800 to 1000 ºC). The dissolution and precipitation
mechanism was widely used to interpret the catalytic graphitization process [64,65]. The
basic interpretation is that solid phase amorphous carbon atoms dissolve into the metal
catalyst and precipitate out to form graphene layers. In recent years, biomass such as
wood char [18] and sawdust [66,67] also been used as carbon sources to synthesize
carbon-based nanomaterials. Figure 1.14 illustrates several examples of the GNs derived
from the pyrolysis of a solid carbon and metal catalyst mixture. Figure 1.14a is a
bamboo-shaped CNT from phenolic resin [61]. Figure 1.14b is MLG encapsulated metal
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nanoparticles from poly(vinyl alcohol) [68]. Figure 1.14c is carbon onions from raw dust
[67]. Figure 1.14d is nitrogen dropped graphene from milk powder [69].
The catalytic pyrolysis of polymers produced GNs usually contains multi-layer
graphene, graphene-encapsulated metal particles, and amorphous carbon. Currently, GNs
characterization mainly depends on electron microscopy techniques, e.g., scanning
electron microscopy (SEM), and transmission electron microscopy (TEM), Raman
spectroscopy, and X-ray diffraction (XRD). These analysis/characterization processes are
time-consuming and sometimes imprecise with very wide errors. To evaluate the purity
of graphene materials, quantity and quality analysis and characterization methods with
rapid, efficient and simple features are essential.

Figure 1.14

GNs derived from pyrolysis of solid carbon source and the metal catalyst.

(a) is a bamboo-shaped CNT from phenolic resin, (b) MLG encapsulated metal
nanoparticles from poly(vinyl alcohol), (c) carbon onions from raw dust, and (d) nitrogen
dropped graphene from milk powder.
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1.4.4

Potential application of graphene-based materials
Sevilla et al. [63] applied the saccharides derived GNs as electrocatalytic supports

of platinum, and found that saccharides-derived GNs support was better than CNT for
methanol oxidation reaction. Zhang et al. [70] used cellulose fiber derived CNs for
adsorption of Rhodamine 6G and arsenic from organic and water contaminants,
respectively. The CNs derived from cellulose fiber contained iron nanoparticles had an
advantage over activated carbon absorbent because their materials can be easily separated
from the polluted solution by magnet. Wang et al. [71] synthesized MLG encapsulated
Fe3C nanoparticles from melamine, and those particles had a good potential for
adsorption of methylene blue.
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CHAPTER II
NON-CATALYTIC THERMAL TREATMENT OF KRAFT LIGNIN AND
CHARACTERIZATION OF ITS PRODUCTS
In this chapter, the structural evolutions occurring in kraft lignin during thermal
treatment at 200 to 1000 ºC was investigated. The thermal gravimetric analysis (TGA)
and temperature-programmed desorption (TPD) was operated to monitor the weight loss
and gas release of kraft lignin during the thermal treatment process. The Fourier
transform infrared spectroscopy (FTIR-ATR) was used to characterize the functional
groups change in the carbon surface to help to understand kraft lignin decomposition
process. In addition, the structural model of kraft lignin thermally treated carbon at 500 to
1000 ºC was proposed, which consists of sp2 hybrids nano-sized graphene layers and sp3
hybrids non-aromatic structure. The structural parameters of carbon from lignin were
quantitatively determined by X-Ray diffraction technique (XRD). The high-resolution
transmission electron microscopy (HRTEM) was used as a complementary technique to
other analytical technique to provide the evidence of the arrangement of nano-sized
graphene layers of kraft lignin carbonized at 500 to 1000 ºC derived carbon.
2.1
2.1.1

Experimental procedure
Materials
Softwood kraft lignin was provided by Domtar Inc., contained 97.1 % lignin, 1.7

% sugar, and had a pH value of 6.2.
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2.1.2

Ash content measurement
The ash content of kraft lignin was measured following the standard ASTM

D1102 [72]. Two grams of oven-dry kraft lignin were heated at 600 ºC for 6 hours in a
muffle furnace. During the heating process, the crucible was taken out of the furnace and
slightly tapped every hour. Four replicates were measured. The ash weight percentage
(%) was calculated using:
Ash = (W1 /W2) ×100 %

(2.1)

where: W1 is ash weight (g), and W2 is oven-dried kraft lignin weight (g).
2.1.3

Thermal analysis
Thermal gravimetric analysis (TGA) was performed on a 50H thermo-gravimetric

analyzer. Ten milligrams of kraft lignin were heated up from room temperature to 1000
°C at a ramping rate of 20 °C/min. The purified nitrogen flowed with a rate of 100
ml/min.
2.1.4

Temperature-programmed desorption (TPD) analysis
Temperature-programmed desorption (TPD) experiment was carried out in a

fixed-bed 1/2 inch tubular stainless-steel reactor. Five grams of kraft lignin sample were
used in each run. High purity argon (99.99 %) was used as the carrier gas with a flow rate
of 150 ml/min. The temperature was ramped at a rate of 10 °C /min to 1100 °C. Volatile
species from the kraft lignin decomposition were analyzed using an on-line Agilent
5975C mass spectrometer during the TPD process.
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2.1.5

Thermal treatment
Four grams kraft lignin was loaded into two porcelain boats (each boat contains 2

g) and heated in a two-inch quartz tube inserted into a split-hinge tube electric furnace
(Lindberg/BlueM1200) equipped with a temperature controller (Lindberg/BlueUTC150).
The schematic of thermal treatment reactor is shown in Figure 2.1. The thermal treatment
process started with the argon gas flowing through the cylinder system for 15 min to
remove oxygen from the system. Kraft lignin was heated to a certain temperature for 1
hour at a ramping rate of 20 ºC /min in a flowing argon atmosphere. Nine evaluated
temperature levels were used which was 200, 300, 400, 500, 600, 700, 800, 900, and
1000 ºC. Kraft lignin after thermal treatment was labeled as KL-X, where the X
represents temperature. After naturally cooling down to room temperature, thermally
treated products were milled into fine powder. The thermal treatment yield (Y, %) at each
temperature run was calculated using the following equation:
Y = [(W1-Wash) / (W0 -Wash)] ×100%

(2.2)

where W1 is the carbon weight after thermal treatment (g), W0 is oven-dried kraft lignin
weight before carbonization (g), Wash is ash weight (g).

Figure 2.1

Schematic of thermal treatment reactor.
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2.1.6

Fourier transform infrared spectroscopy (FTIR)
Kraft lignin and thermally treated lignin samples were recorded with the

PerkinElmer FTIR spectrometer at a resolution of 2 cm-1 for 10 scans in 450 to 4000 cm-1
range. The powdered samples were pressed against the diamond crystal of the ATR
device [73]. The background spectrum was obtained by scanning the air and was
subtracted from the sample spectrum before converted into absorbance units. The spectra
were baseline-corrected by applied “Data Tune-up” using Spectrum® Quant software
(PerkinElmer, Massachusetts, US).
2.1.7

X-ray diffraction (XRD)
A Rigaku SmartLab X-ray diffractometer was used to record X-ray intensities

scattered from examined samples. The X-ray source was CuKα radiation (40kV, 44mA),
λ=1.5406 Å. The X-ray intensities were measured in the range of 3 to 120 º in a step-scan
mode (0.1 º/step) and were collected for 6s at each step. The XRD patterns of lignin
samples thermally treated at 500 to 1000 °C were processed to determine their carbon
structure parameters. The XRD pattern processing procedures include three steps [74,75],
polarization factor correction, intensity normalization, and intensity reduction.
2.1.8

High-resolution transmission electron microscopy (HRTEM)
The microstructure of 500 to 1000 °C thermally treated kraft lignin-derived

carbon was analyzed using HRTEM (JEM-2100 LaB6) observation. HRTEM samples
were ground and dispersed in ethanol for 10 min with an ultrasonic bath firstly, followed
by placing a drop of the resulting suspension on a lacey copper grid. The HRTEM images
were taken at a magnification of 400 K. The digital HRTEM images were then processed
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and analyzed by the following steps: (1) conversion of HRTEM images to negative
images; (2) selection of the suitable region of the image; (3) image contrast enhancement;
(4) image filtration; (5) image auto local threshold; (6) image morphological
modification; (7) clarification fringes on the selected region border; and (8) Image
skeletonization. The detailed HRTEM images processing processes are provided in
APPENDIX B.
2.2
2.2.1

Results and discussions
Ash testing
The ash content of kraft lignin was 0.53 % with its coefficient of variation (COV)

14.64 %. The data for ash testing was provided in APPENDIX A.
2.2.2

TGA
Results of TGA and differential thermogravimetric (DTG) curves of kraft lignin

were plotted in Figure 2.2. The major thermal degradation of kraft lignin occurred in a
temperature range from 200 to 800 °C. Three major weight loss stages were observed
below 750°C. In the first stage from room temperature to 200°C, the weight loss was
mainly accounted for the volatilization of free water and low molecular volatiles [76]. In
the secondary stage from 200 to 750 °C, the peak at 405 °C had about 62 % mass loss.
The mass loss in the temperature of 200 to 750 °C was attributed to thermal degradation
of kraft lignin [76]. As the temperature reached 750 °C, mass loss became less than 1 %,
which probably because of the secondary creaking and dehydration reaction [77].
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Figure 2.2

2.2.3

TGA and DTG curves of kraft lignin.

Kraft lignin carbonization yield
The yields of thermally treated kraft lignin at different temperatures are presented

in Figure 2.3. The yield decreased significantly from 91.09 % at 200 °C to 44.89 % at
400 °C, and the rate decreased after the temperature reached to 500 °C.

Figure 2.3

Thermal treatment yield of kraft lignin at different temperatures.
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2.2.4

Temperature-programmed desorption (TPD) analysis
Figure 2.4 presents the TPD spectra of kraft lignin. Thermal degradation of kraft

lignin started at approximately 200 °C with the release of gas CO2 and CO. It was
observed that the release of CO2 at two different temperatures. The low-temperature peak
(200 to 500 °C) was related to decomposition of carboxylic acids (COOH→CO2). The
decomposition of carboxylic anhydrides and lactones is responsible for the hightemperature peak (500 to 700 °C). Three CO release peaks are related to carbonyl (C=O,
250 to 450 °C) [35], phenol and quinine (300 to 800 °C) , and ether groups (~700 °C).
The methane peak at 500 °C is because of the decomposition of methyl and methylene
groups attached to aliphatic chains. However, the methane peak around 600 °C can be
assigned to the decomposition of methoxyl groups attached to aromatic rings. The
hydrogen peak centered at 750 °C is related to the dehydrogenation of aliphatic CHx
(x=1~3) and aromatic rings. In addition, a minor amount of benzene and toluene groups
were detected by TPD at 730 °C because of the thermal cracking of tar residue in the
solid sample [35].

Figure 2.4

TPD desorption profile of kraft lignin.
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2.2.5

FTIR
The chemical structure model of softwood kraft lignin was shown in Figure 2.5.

The FTIR signals corresponding to compounds in softwood lignin are listed in Table 2.1
[35,78,79]. The bond energy [80] was marked in Figure 2.6, it can be seen that β-O-4 has
the lowest bond energy of 242800 J/mol, which is very easily to decompose.

Figure 2.5

The chemical structure model of softwood kraft lignin.

Figure 2.7 shows the FTIR spectra arranged according to different thermal
treatment temperature levels. The kraft lignin treated at 100 °C was oven dried lignin.
Kraft lignin thermal degradation mainly occurred at the temperature range from 200 to
700 °C, with the evidence of the gradually decreased infrared signals of lignin-derived
carbon. There was no significant change in infrared signals of the carbons from lignin
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thermally treated at the temperature above 700°C indicating charring process occurred in
this temperature range.
Table 2.1

Main functional groups of softwood kraft lignin.
Functional groups

Compounds

1
2

Wave
number
(cm-1)
3600-3100
2860-2939

Hydrogen bonded -OH stretching
C–Hn stretching

3

1700-1730

C= O stretching (unconjugated)

4

1595

5

1511

aromatic skeletal vibration and C=O
stretch
aromatic skeletal vibrations

Acid, methanol
Alkyl, aliphatic,
Ketone and
carbonyl

6

1455, 1425

-CH3 deformation

7

1365

8
9
10
11
12
13

1266, 1213
1150
1079
1030
967
851, 812

14

633, 555

Figure 2.6

In-plane deformation vibration of
phenolic
C-O stretching of guaiacyl ring
Guaiacyl C-H deformation
C-O
C-O
-C-C-H and –HC=CH- deformation
C-H
Skeletal deformations of aromatic ring,
substituent groups, and side chains

Typical bond energy (J/mol) in lignin structure.
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Methyl, methylene,
and methoxyl
Phenolic

Secondary alcohols
Primary alcohols
Aromatic hydrogen
Aromatic ring

The band of 3500 to 3100 cm-1 decreased at the temperature below 400 °C was
because of kraft lignin dehydration. The peaks around 2833, 633 and 555 cm-1 decreased
from 200 to 400 °C indicated the decomposition of aliphatic chains [34,35]. The C=O
stretch around 1705 cm-1 decreased with increasing temperature and disappeared at
500 °C, which indicated the breaking and reforming of carboxylic (COOH) and carbonyl
(C=O) [35]. The decreasing of aromatic ring skeletal deformation band at 1511 cm-1 and
1595 cm-1 at the temperature range less than 400 °C were because of the decomposition
of aliphatic chain and condensation of kraft lignin. The decreased intensity of phenolic
vibration peak at 1365 cm-1 at the temperature below 600 °C corresponded to the
decomposition of phenolic groups. The decreased C-O stretching of guaiacyl ring at 1213
cm-1 and 1266 cm-1 plus the vibrations of –CH3 deformation at 1425 cm-1 and 1455 cm-1
were observed at the temperature below 600 °C, which indicated the decomposition of
methoxyl groups [35,81]. The absorption in the region from 700 to 900 cm-1 was related
to aromatic hydrogen (C-H), and was used to study the degree of aromatic substitution
and condensation. The increased intensity of 700 to 900 cm-1 from 300 to 500 °C was
because of the formation of aromatic tar residues, and the intensity decreased at 500 to
600 °C was because of the thermal cracking of tar residue in the solid sample [35]. The
shifting of lone aryl C-H band in 851 cm-1 at 300 °C to 867 cm-1 at 600 °C indicated the
increased aromatic substitution [82]. The peak near 1458 cm-1 at 800 °C was related to
C=C-O band because the new groups formed as the benzene bonds broke [83]. As the
temperature further increased to 900 °C, the peak 1458 cm-1 shifted to low wavelength
and formed a new peak at 1450 cm-1, which was related to the aromatic skeletal band.
The decreased aryl C-H band at 812 cm-1 at 900 °C indicated the dehydrogenation of
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guaiacyl ring. The further shifting of the C-H band at 867 cm-1 to 878 cm-1 suggested the
condensation of aromatic rings occurred [82]. Those observations revealed that main
reactions above 900 °C were dehydrogenation and formation of aromatic graphene layers.

Figure 2.7

2.2.6
2.2.6.1

FTIR spectra of kraft lignin samples thermally treated at different
temperatures.

XRD
XRD patterns
Figure 2.8 shows the XRD patterns of raw kraft lignin and thermally treated kraft

lignin at different temperatures. The raw kraft lignin had a broadened diffraction peak
around 20°, which was consistent with an amorphous framework of lignin. As
temperature increased to 300 °C, the width of lignin diffraction peak was slightly
29

enhanced. The increased width of the peak indicates the increased disorder of lignin
structure, which was due to slight decomposition of kraft lignin at 200 to 300 °C. No
diffraction peak was detected for KL-400, KL-500, and KL-600 samples. This
phenomenon suggests the disorder of lignin structure increased, which was because of
decomposition of kraft lignin. After kraft lignin thermally treated at 700 °C, a new
diffraction peak was detected at 23 ° for KL-700. The peak corresponded to (002) band of
carbon, which result from kraft lignin charring reaction. In addition, the high-intensity
with small angle diffraction at 2θ <10° revealed that KL-700, KL-800, KL-900, and KL1000 samples contain cracks and micropores. As temperature increased from 700 to
1000 °C, the (002) band became sharp and shifted to right, which suggests the increased
order of carbonized kraft lignin.

Figure 2.8

XRD patterns of kraft lignin treated at different temperatures.
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2.2.6.2

XRD spectrum processing
The XRD patterns of lignin samples thermally treated at the temperature range

from 500 to 1000 °C were processed to determine their carbon structure parameters.
Here, the XRD spectrum of KL-1000 was used as an example.
The obtained KL-1000 spectrums were firstly corrected for polarization factor (P)
which is given by [84]:

P  (1  cos 2 2M cos2 2 ) / (1  cos 2 2M )
where,  is the angle of the goniometer,

(2.3)

 M is Bragg angle of the monochromator crystal,

 M =0 º if Ni- filter being used, and  M =13.28 º if a graphite monochromator is used [84].
The Ni-filter is used here, and the polarization factor is:

P  (1  cos 2 2 ) / 2
The KL-1000 spectrum after polarization correction is shown in Figure 2.9.

Figure 2.9

XRD patterns of KL-1000 before and after polarization correction.
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(2.4)

The XRD intensity data was collected by arbitrary units (A.U), which can be
affected by many random factors and cannot be directly used for quantitative analysis.
Thus, the corrected polarization XRD pattern was converted to electron units (E.U) using
normalization process. The first step was to plot the polarization corrected XRD spectrum
(curve A), the incoherent scattering (curve C), coherent scattering (curve D), and the total
independent scattering (curve B) curves as a function of s ( s  2sin  /  ) [75], as shown
in Figure 2.10a. The incoherent scattering is equal to the incoherent Compton scattering
factor [85]. The coherent scattering is equal to the square of a coherent scattering factor
[85] of the carbon atom. Independent scattering is the sum of incoherent and coherent
scattering. The normalization was performed through curve A divided by a suitable factor
(in this case, the factor was 150) until the large s part (s=1.0- 1.1) of the intensity curve
fits total independent scattering (curve B) [23]. Figure 2.10b illustrates the normalized
intensity spectrum of KL-1000 (curve A) as a function of s.

Figure 2.10

Typical normalized intensity curve of KL-1000.
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The second step is to derive the reduced intensity curve (I) from normalized curve
A by using the formula of:
I

AC
D

(2.5)

Figure 2.11 illustrates a typically reduced intensity curve derived from the
normalized intensity curve of KL-1000. A further quantitative analysis based on this
reduced intensity curve was performed.

Figure 2.11

2.2.6.3

Reduced intensity curve of KL-1000.

Determination of carbon structure parameters
The structure model of bulk graphite shown in Figure 2.12 consists of a

succession of stacking graphene layers [87]. The interatomic distance of carbon bond
within a plane is 1.42 Å, and the interlayer distance (d002) is 3.35 Å. The stacking height
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(Lc), the hexagonal graphene layers lateral size (La) and the d002 are used to express the
how close the giving carbon material to the ideal graphite. Normally, the closer the d002 to
3.35 Å and the larger the Lc/La (a few hundred nanometer to micrometer), the giving
carbon material is closer to ideal graphite.
Figure 2.13 shows a typical XRD pattern of bulk graphite [88], and three labeled
diffraction peak (002), (10), and (110) were usually used to characterize structure
parameters of graphite materials. In general, the wider the (002) bandwidth, the smaller
graphene stacking height (Lc), and the few numbers of graphene layers. The wider the
(10) and (110) bandwidth, the smaller graphene layers lateral size (La). The peak position
of (002) band is related to d002. For bulk graphite, the peak is at 2θ=26.3°. Smaller 2θ of
the (002) band peak means the larger d002.

Figure 2.12

Typical structure model of ideal graphite.
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Figure 2.13

The XRD pattern of bulk graphite.

It can be seen in Figure 2.11 that the (002), (10), and (110) peaks of KL-1000 are
very broad, which indicated that it contains few layers graphene with very small La. The
002 band peak is around 25 ° indicated d002 of graphene layers large than 3.35 Å and the
graphene layers arranged in the turbostratic structure. The high background intensity
suggested that a significant amount of amorphous carbon existed in KL-1000 [41]. The
asymmetric feature of the (002) band suggested that the γ band existed in KL-1000. The γ
band used to describe the coal structure represents the saturated aliphatic side chains
grafted on the edges of small single crystallites [89]. The high intensity in the low angle
range of the curve represented the interparticle scattering by close-packed particles,
because of (20) band, cracks, and microspores in the carbon [74].
Figure 2.14 illustrates a proposed structure model for carbon materials derived
from thermally treated kraft lignin. The carbon materials consist of nano-sized graphene
layers, amorphous carbon, and micropores. The nano-sized graphene layers were
turbostratic stacked into nano-sized multilayers graphene crystallites. The amorphous
carbon refers to non-aromatic carbon which is a mixture of sp2 and sp3 hybridized carbon
bonded on the edges of nano-sized multilayers graphene crystallites.
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Figure 2.14

2.2.6.3.1

Proposed carbon structure model of thermally treated kraft lignin.

Fraction of amorphous carbon and averaged d(002)

The reduced intensity (I) of KL-1000 diffraction pattern can be described as the
summation of nano-sized multilayers graphene crystallites (Icr) and amorphous carbon
reflection (Iam) [90,91], and written as:
I = Icr +Iam

(2.6)

As shown in Figure 2.11, Iam can be considered as the background scattering
intensity, which is a constant over the whole scattering range and assumed to be equal to
the fraction of amorphous carbon (xA) [92]. For (002) peak, Icr was described as I002 for
the reflection of (002) peak of nano-sized multilayers graphene crystallites. The equation
(2.6) can be written can be calculated using following:
I= I002+xA

(2.7)

Franklin [92] found that for 100 % nano-sized multilayers graphene crystallites
(layer structure), the reduced intensity of (002) reflection was:
I002 =


sin 2 ( nd n s) 
0.0606

p

 n


s2
(n sin 2 ( nd n s)) 
n 
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(2.8)

where, s  2sin  /  , dn is the inter-layer spacing of the groups of N parallel layers, and
pn is the fraction of the total aromatic carbon contained in such groups. The fraction of
nano-sized multilayers graphene crystallites in lignin-derived carbon material is 1-xA.
Thus, the reduced intensity due to (002) is:
I 002  (1- xA )


sin 2 ( nd n s) 
0.0606

p

 n


s2
(n sin 2 ( nd n s)) 
n 

(2.9)

Substituting Eq. 2.7 into Eq.2.9 can yield:

sin 2 ( nd n s) 
I  xA
s2

   pn 

1  xA 0.0606
(n sin 2 ( nd n s)) 


(2.10)

The right-hand side of Eq. 2.10 is a periodic polynomial expression. The expression
pattern is symmetrical around its maximum value. The left-hand side of the Eq.2.10
should have a same symmetrical curve. Therefore, the fraction of amorphous carbon (xA)
can be determined by approaching [(I-xA)/(1-xA)]×(s2/0.0606) to most symmetrical
curve. Figure 2.15 shows an example of the determination of xA. The [(I-xA)/(1-xA)]×
(s2/0.0606) was calculated from reduced intensity (I) and plotted along the X-axis of s.
The most symmetrical plot was obtained by the value of xA = 0.79. In this case, a pseudoVoigt function was used to fit the pattern and yield a peak height of 7.21 at s = 0.2866.
Therefore, the fraction of amorphous carbon in the KL-1000 was 0.79.
The average interlayer space of graphene layers (d002) can be estimated from the
Figure 2.15 by applying the equation of d002 = 2sin θ / λ. θ can be solved from s of the
curve maximal intensity.
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Figure 2.15

2.2.6.3.2

Determination of amorphous carbon fraction and d002 of KL-1000.

Crystallite size

The crystallite size of lignin-derived carbon materials can be calculated from its
corresponding XRD peak at half maximum intensity by applying Scherrer equation:
La / c 

K
B cos 

(2.11)

where λ is the wavelength of incident X-rays, B and θ correspond to the full width at half
maximum (FWHM) and the Bragg angle of the peak, respectively. K is a constant
depending on the reflection plane and equals to 0.89 and 1.84 for (002) band and (11)
band, respectively [93]. Therefore, the Lc can be estimated from Figure 2.15, and the La
can be calculated from Figure 2.16.
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Figure 2.16

Determination of La of KL-1000.

Aromaticity is used to describe the ratio of carbon atoms in aliphatic side chains
vs. aromatic rings. It can also be estimated using the XRD intensity pattern. The
background intensity (Iam) was manually subtracted from the reduced intensity KL-1000
XRD pattern. Two pseudo-Voigt functions were used to fit asymmetry (002) peak, as
illustrated in Figure 2.17. The aromaticity (fa) of the lignin-derived carbon material can
be calculated using:
fa = Car/ (Car+Cal) = A002/ (A002+Aγ)

(2.12)

where Aγ and A002 are the integrated area under the corresponding peaks (20° and 26°,
respectively) [89,94]. The fitted curve is shown in Figure 2.17.
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Figure 2.17

Determination of carbon aromaticity of KL-1000.

Structure parameters of lignin-derived carbon materials

2.2.6.4

The reduced intensities of kraft lignin thermally treated at 500 to 1000 °C were
plotted in Figure 2.18. The wide and diffused (002), (10), and (11) bands indicated the
poor crystallinity of the carbon materials. The high-intensity with small angle diffraction
at 2θ <10° (s< 0.1) revealed the existence of cracks and micropores in thermally treated
kraft lignin. The cracks and micropores formed at the temperature above 700 °C.

Figure 2.18

Reduced intensities of lignin-derived carbon materials.
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Quantitative XRD analysis of lignin-derived carbon materials determined their
structural parameters of fa, Xa, d002, La, and Lc were summarized in Table 2.2 and plotted
as a function of temperature in Figure 2.19. Xa values indicated that the amorphous
portion in lignin derived-carbon materials decreased from 90 % to 79 % as temperature
increased from 500 to 1000 °C. Figure 2.19a indicated that the aromaticity of the carbon
materials increased from 49 % to 79 % as the temperature increased from 500 to 1000 °C.
fa increased with a faster rate at the lower temperature range (500 to 800 °C) than higher
temperature range (800 to 1000 °C). Figure 2.19b indicated that the interlayer space (d002)
of samples decreased from 3.52 Å to 3.49 Å as the temperature increased from 500 °C to
1000 °C. The d002 of lignin-derived carbon materials was larger than graphite (3.35 Å)
[87], which revealed carbon samples has a turbostratic structure [17]. The relationship
between d002 and temperature was also polynomial. The d002 decreased with a faster rate
at the lower temperature range (500 to 800 °C), and approximately kept no change at the
higher temperature range (800 to 1000 °C).
The thickness of stacking graphene layers (Lc) almost keeps constant at 8 to 9 Å,
and the lateral crystallite size (La) increases from 6.97 to 13.96 Å with the increased
temperature. If taking the d002 into consideration, the stacking number of graphene layers
increased with temperature. The natural orientation of nano-sized graphene crystallite
during thermal treatment process was direction-dependent [74]. Overall, La increased
with increasing temperature, Lc kept no changes with increasing temperature. Aso et al.
[95] reported that carbon material from poly furfuryl alcohol (PFA) at 500 to 1000 °C
had a constant of Lc at 8 to 9 Å, and La increased from 9 to 17 Å as the temperature
increased. It was explained [95] that for non-graphitizable carbon, either PFA or lignin,
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the carbon crystallite size develops with temperature along lateral direction but not
thickness direction in this particular temperature range. The trend of La with temperature
was similar with fa, which growing faster at the lower temperature range (500 to 800 °C)
than higher temperature range (800 to 1000 °C). The decomposition of kraft lignin
aliphatic side chains as well as other functional groups resulted in the increase of fa [96].
The increase of La was due to the aromatization of free radical contained aromatic
groups. As mentioned in FTIR results, the lignin functional groups mainly decomposed at
the temperature below 700 °C, that’s why fa and La increased rapidly at temperature
ranges of 500 to 700 °C.
Table 2.2

Summary of carbon structural parameters of lignin-derived carbon material.

KL-500
KL-600
KL-700
KL-800
KL-900
KL-1000

Xa
0.90
0.90
0.86
0.85
0.84
0.79

fa
0.49
0.63
0.73
0.76
0.78
0.79
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d002, Å
3.56
3.55
3.52
3.49
3.49
3.49

Lc, Å
8.40
8.16
8.67
8.43
8.81
8.64

La, Å
6.97
7.65
10.09
13.08
13.47
13.96

Figure 2.19

2.2.7

Effects of temperature on (a) fa and Xa, (b) d002, and (c) Lc and La.

HRTEM
Figure 2.20 shows HRTEM images of kraft lignin-derived carbon materials and

their corresponding skeleton images. The materials had non-directional and isotropic
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structure like many of non-graphitizable carbon [37]. Table 2.3 summarizes mean values
of nano-sized multilayers graphene crystallites fringe length and tortuosity for KL-500,
KL-600, KL-700, KL-800, KL-900, and KL-1000 samples.
Mean fringe length of crystallites (fringes length corresponds to La) increased
with increased temperature, which supports the XRD results. The tortuosity of each
graphene layers decreased with increased temperature, which indicated that increased the
structure order of lignin-derived carbon materials. For KL-500 and KL-600 samples, the
La calculated from skeletonized HRTEM image matched well to XRD calculations.
However, for KL-700, KL-800, KL-900, and KL-1000, the La calculated from
skeletonized HRTEM methods for was smaller than XRD calculations (Table 2.3). The
fringes in carbons were staggered arranged. Two across fringes in HRTEM image will be
separated to four respective fringes by ImageJ software. That is why the La value
measured from HRTEM methods was smaller than XRD calculations. Based on HRTEM
results, it can be concluded that the growth of La was nondirective, and resulted in the
intertwined fringes.
Table 2.3

Average fringe length and tortuosity of lignin-derived carbon materials at
different temperatures.

Sample
Length, Å
Tortuosity
La from XRD, Å

KL-500

KL-600

KL-700

KL-800

KL-900

7.09
1.21
6.97

7.87
1.20
7.65

8.63
1.18
10.09

9.43
1.20
13.08

10.61
1.18
13.47
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KL1000
9.92
1.20
13.96

Figure 2.20

HRTEM pictures (a1 to f1) and skeletonized images (a2 to f2).

(a1) KL-500, (a2) skeletonized KL-500; (b1) KL-600, (b2) skeletonized KL-600; (c1)
KL-700, (c2) skeletonized KL-700; (d1) KL-800, (d2) skeletonized KL-800; (e1) KL900, (e2) skeletonized KL-900; (f1) KL-1000, (f2) skeletonized KL-1000. The scale bar
is 5 nm.
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2.3

Summary
The kraft lignin was thermally treated at the temperature range from 200 to 1000

ºC. The FTIR spectra results suggested the carbonyl, carboxylic, β-O-4 and aliphatic
bond decomposed at the temperature below 300 ºC. The methoxyl-O-CH3 was
decomposed at temperatures above 400 ºC.
Thermal decomposition of kraft lignin started with the breaking of ketone,
carbonyl groups, and aliphatic chains associated with the release of CO and CO2 at the
temperature above 200 °C. The decomposition of methoxyl groups resulted in methane
release. The release of hydrogen was because of the decomposition of methyl, methylene
and aromatic hydrogen (C-H). Tar formed at the temperature below than 500 ºC and
decomposed when the temperature reached to 600 ºC. The decomposition of tar led to the
benzene and toluene release. As the temperature reached to 700 ºC, the main reaction of
lignin-derived carbon was condensation and dehydrogenation to form nano-sized
multilayers graphene crystallites with their length ranging from 10.09 to 13.96 Å.
A simplified structure model of lignin-derived carbon materials was proposed
based on the XRD and HRTEM results. In this model, nano-sized multilayers graphene
crystallites were randomly stacking together with amorphous carbon. The crystallites
contain graphene layers stacking in turbostratic structure. The amorphous carbon refers to
any non-aromatic carbon. The crystallinity of lignin-derived carbon increased with
temperature. As the temperature increased, the xA and d002 decreased, and fa increased.
The growth of carbon crystallites was strongly direction-dependent. La increased with
increased temperature. There was no significant change for Lc. The growth of fa and La
was because of decomposition of kraft lignin functional groups and aromatization of free
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radical contained aromatic groups. The growth of La was nondirective, which resulted in
the intertwined fringes.
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CHAPTER III
CATALYTIC THERMAL CONVERSION OF KRAFT LIGNIN ON DIFFERENT
TEMPERATURE
In this chapter, temperature effect of on kraft lignin catalytic thermal conversion
process was studied. The FTIR, XRD, SEM, and HRTEM techniques were used to
characterize the carbon structure from kraft lignin catalytic thermal conversion. The
reaction mechanism of kraft lignin catalytic thermal conversion process was proposed.
Materials and methods

3.1
3.1.1

Materials
Kraft lignin from Domtar Inc. was used as a carbon source for this experiment.

The lignin material contained 97.1 % lignin, 0.53 % ash, and 1.7 % sugar. Its pH value
was 6.2. Iron nitrate hexahydrate (Fe(NO3)3•9H2O, 98 % purity) was purchased from
Sigma-Aldrich, Inc.
3.1.2
3.1.2.1

Experimental procedures
Preparation of lignin-Fe precursor

40 grams of kraft lignin were impregnated with 200 mL iron nitrate solution (0.27
mol/ L) to prepare the lignin-Fe3+ suspension. The weight ratio of the iron element to
oven-dried lignin was 7.50 %. The suspension was then stirred in the 120 ºC oil-bath to
evaporate water and get a sticky solid mixture. Then, the solid mixture was dried for two
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hours at 80 ºC and 48 hours at 105 ºC to obtain lignin-Fe precursors (labeled as
KL/Fe7.5). The weight of lignin-Fe precursors in each step was measured to calculate the
chemical composition of precursors (APPENDIX B).
3.1.2.2

Lignin-Fe precursor characterization
The FTIR-ATR spectra of raw kraft lignin and KL/Fe7.5 were recorded with the

PerkinElmer FTIR spectrometer at a resolution of 2 cm-1 for 10 scans in lignin fingerprint
range (800-1800 cm-1). The powdered samples were pressed against the diamond crystal
of the ATR device [73]. The background spectrum was obtained by scanning the air and
was subtracted from the sample spectrum before converted into absorbance units. The
spectra were baseline-corrected manually using Spectrum® Quant software
(PerkinElmer, Massachusetts, US). The baseline corrected spectra were normalized by
integral absorption of total spectral range and analyzed by principal component analysis
(PCA) using the Unscrambler 10.3 X software. Ten sub-samples were analyzed for each
lignin sample. Averaging area-normalized spectrums obtained the mean spectra.
The Thermo-gravimetric analysis of KL/Fe7.5 was samples conducted from the
room temperature to 1000 °C at a heating rate of 20 °C/ min purified nitrogen (99.99%)
was used as the purging gas at a flow rate of 100 mL/ min an inert atmosphere.
TPD experiments involved heating KL/Fe7.5 in a purging gas at a programmed
heating rate (20 °C/min) to induce thermal decomposition of lignin. Volatile species
include hydrogen (m/z=2), methane (m/z=15 oror16), water (m/z=18), carbon monoxide,
carbon dioxide (m/z=44) from lignin decomposition were analyzed using an on-line
Agilent 5975C mass spectrometer during the TPD process. TPD experiments were
carried out in a fixed-bed 1/2-inch tubular stainless-steel reactor. Five grams lignin
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sample was used in each run. High purity argon (99.99 %) flowed through the system as
the carrier gas at a rate of 150 ml/min. The temperature was ramped to 1100 °C at a rate
of 10 °C /min.
3.1.2.3

Thermal treatment process
Four grams of KL/Fe7.5 were loaded into two porcelain boats (each boat contains

2 g) and heated in a two-inch quartz tube inserted into a split-hinge tube electric furnace
(Lindberg/BlueM1200) equipped with a temperature controller (Lindberg/BlueUTC150).
Eleven temperature levels 200, 300, 400, 500, 550, 600, 700, 750, 800, 900, and 1000 ºC
were evaluated, respectively. For each temperature run, the process started with the argon
gas (99.99 %) flowing through the cylinder system for 15 min to remove oxygen from the
system, the temperature was increased with a ramping rate of 20 ºC /min in a flowing
argon atmosphere and maintained at targeted temperature for 1 hour. After naturally
cooling down to room temperature, thermally treated KL/Fe7.5 was weighed, milled into
a fine powder, and labeled as KL/Fe7.5-Y for late use, where Y represents thermal
treatment temperature.
The non-corrected yield (Ync %) and corrected yield (Yc %) of thermally treated
KL/Fe7.5 were calculated using equation 3.1 and 3.2, respectively:
Y0 % = (W1/ W0) ×100 %

(3.1)

Yc % = [(W1-WAsh -WFe) / (WKL-WAsh)] ×100 %

(3.2)

where W1 is the weight of KL/Fe7.5 after thermal treatment, W0 is the weight of precursor
before thermal treatment, WFe is the weight of iron in the KL/Fe7.5, WAsh, is the weight of
ash in lignin, and WKL is the weight of lignin in the KL/Fe7.5 before thermal treatment.
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3.1.2.4

Post-treatment
The KL/Fe7.5-1000 sample was treated with concentrated acid and water

respectively. The acid treatment was to remove iron from the sample. The milled sample
was immersed into 20 % HNO3 solution, followed by the solution boiling for 2 h and
subsequently rinsing by plenty of DI water. The acid washed KL/Fe7.5-1000 was labeled
as KL/Fe7.5-1000A. The water washed sample was prepared by 2 h boiling the sample in
DI water, followed by rinsing with plenty of DI water. The water washed KL/Fe7.5-1000
was labeled as KL/Fe7.5-1000W.
3.1.2.5

Characterization
The KL/Fe7.5-Y was characterized by FTIR-ATR procedure described in

precursor characterization section. X-ray diffraction (XRD) analyses were carried out
with a Ultima3 diffractometer (CuKα radiation with λ=1.5406 Å, scanning speed of
1°/min and step size of 0.05°). For determination of grain size, carbon content in fcc Fe
and quantitative evaluation of iron phases, the scanning speed of 0.1° /min and step size
of 0.01° was applied to scan the specific range of iron phases (31- 37° for Fe2O3, 40.546.5° for FeO, 41.5- 46.5° for α-Fe, γ-Fe and Fe3C). The diffraction peaks were fitted by
Jade 2010 software. The field emission scanning electron microscopy (SEM, JSM6500F) coupled with an energy dispersive spectroscopy (EDS) and high-resolution
transmission electron microscopy (HRTEM, JEM-2100 LaB6) were used to characterize
the morphology of thermally treated samples. HRTEM Samples were prepared by
dispersing them in ethanol for 10 min with an ultrasonic bath and then a drop of the
resulting suspension was placed on a 200 mesh lacey copper grid.
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3.2
3.2.1

Results
PCA analysis of kraft lignin and KL/Fe7.5
The PCA analysis was applied on the spectra region ranging from 800-1800 cm-1

because this region is lignin fringe print region. The PCA score plot was constructed by
the projection of PC1 and PC2 (Figure 3.1a). The output result indicated PC1 explains
93 % of the variance in the data set. The scores plot (Figure 3.1b) indicated that raw kraft
lignin samples had a negative loading while KL/Fe7.5 samples had a positive loading on
PC1. This observation suggested that the chemical structure of lignin was changed
through chelating with iron and forming a lignin-Fe complex.

Figure 3.1

3.2.2

The scores (a) and loading plot (b) of PCA analysis of raw kraft liginin and
lignin-Fe precursors.

Temperature effects on weight loss and thermal treatment yield
TGA/DTG curves of KL/Fe7.5 samples (Figure 3.2) indicated that there were

three weight loss stages below 800 °C and a slight mass loss at 800 to 1000 °C. For the
first stage from room temperature to 200 °C, the weight loss was because of moisture
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evaporation. The secondary stage from 200 to 600 °C with a peak at 393.4 °C had a 20 %
mass loss. When the temperature was raised from 500 to 800°C, the peak appeared at
750 °C with a 54 % mass loss. As the temperature reached to 800 °C, mass loss was
much less, around 1 %.
Table 3.1 summarizes non-corrected and corrected yields of KL/Fe7.5 samples at
different temperatures. The corrected iron yield decreased exponentially from 69.96 % at
300 °C to 48.40 % at 600 °C, and to 47.24 % at 900 °C.
Table 3.1

Effect of temperature on KL/Fe7.5 yield.

Temperature (°C) 300
400
500
550
600
700
750
800
900
Ync (%)
68.81 59.29 54.62 52.27 49.66 49.28 48.96 48.77 48.62
Yc (%)
69.96 59.25 53.99 51.35 48.40 47.98 47.62 47.41 47.24

Figure 3.2

3.2.2.1

TGA/DTG curves of KL/Fe7.5.

Effect of temperature on lignin structure
The TPD spectra of KL/Fe7.5 (Figure 3.3) indicated that the thermal degradation

of lignin started at approximately 200 °C with CO2 releasing. The CO2 releasing at 200 to
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500 °C could be probably related to decomposition of carbonyl groups (C=O) [76]. The
decomposition of carboxylic anhydrides and lactones was responsible for CO2 releasing
at high-temperature peaks (500 to 700 °C). The releasing of CO had three peaks,
corresponded to carbonyl (250 to 450 °C), phenol and quinone (300 to 800 °C), and
diaryl ether (~700 °C) groups [76], respectively. The releasing peak of CH4 around 450
°C was attributed to the cracking of weakly bonded methoxyl groups (O-CH3) [98]. The
decomposition of methyl and methylene groups attached to aliphatic contributed the
second CH4 releasing peak approximately 550 to 600 °C [99]. The high temperature
(>700 °C ) CH4 evolution peak can be caused by the secondary derived volatiles [98].
The hydrogen releasing peak centered at 750 °C was related to the dehydrogenation of
aliphatic CHx (x=1~3) chains and aromatic rings.

Figure 3.3

TPD desorption pattern of KL/Fe7.5.
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The mean FTIR spectra of KL/Fe7.5-Y samples were shown in Figure 3.4a and
Figure 3.4b. The PCA was conducted at different temperature levels to study the change
of lignin’s functional groups with temperature, and the score plot was shown in Figure
3.5. In summary, score plots indicated that there were significant changes in functional
groups at different temperature levels from 200 to 600 °C, however, no significant
changes in functional groups at the temperature range of 600 to 1000 °C. Figure 3.6
shows the loading plots of PCA results, which provide detailed information about
changes in lignin functional groups. At 200 °C, lignin became more condensed because
of losing of water and breaking of the hydrogen bond, which was the evidenced by the
decreasing of 1030, 1265, and 1513 cm-1 absorption peaks. At 300 °C, lignin became
more condensed with the decreasing of 1506 cm-1 absorption peak. The β-O-4 linkage
started its decomposition and formed conjugated ketones supported by the evidence of
the decreasing of 1274, 1029 cm-1 and the increase of 1595 cm-1 absorption peaks. At 400
°C, the main reactions were β-O-4 linkage decomposition (the decrease of 1274, 1029
cm-1) and formation of conjugated ketones (the increase of 1595 cm-1). Some aliphatic
chain and methoxyl groups were also decomposed (the decrease of 1455 cm-1) and
formed unconjugated ketones (the increase of 1705 cm-1). At 500 °C, aliphatic chains and
methoxyl groups were further decomposed (the decrease of 1455 and 1027 cm-1) and
formed ketones (the increase of 1595 and 1705 cm-1). At 550 °C, ketones started their
decomposition (decrease of 1595 cm-1). Diary ether may be decomposed (the decrease of
~1114 cm-1) and formed phenol radical. The dehydrogenation of aliphatic groups may
also happen at this temperature, and the resulted hydrogen radical may react with phenol
redial and formed phenolic groups (the increase of ~1380 cm-1). At 600 °C, the main
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reaction was the decomposition of diary ether and phenolic groups, and dehydrogenation.
The lignin was converted to non-graphitizing carbon.

Figure 3.4

Mean FTIR spectra of KL/Fe7.5-Y

(a) 0 to 400 °C, (b) 500 to 700 °C, and (c) 750 to 1000 °C.
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Figure 3.5

The score plots for PCA of normalized KLC@Fe7.5-Y.

Score plots of (a) KL/Fe7.5 and KL/Fe7.5-200, (b) KL/Fe7.5-200 and KL/Fe7.5-300, (c)
KL/Fe7.5-300 and KL/Fe7.5-400, (d) KL/Fe7.5-400 and KL/Fe7.5-500, (e) KL/Fe7.5500 and KL/Fe7.5-550, (f) KL/Fe7.5-550 and KL/Fe7.5-600,
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Figure 3.5 (continued).
(g) KL/Fe7.5-600 and KL/Fe7.5-700, (h) KL/Fe7.5-700 and KL/Fe7.5-750, (i) KL/Fe7.5750 and KL/Fe7.5-800, (j) KL/Fe7.5-800 and KL/Fe7.5-900, and (k) KL/Fe7.5-900 and
KL/Fe7.5-1000.
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Figure 3.6

The loading plots for PCA of normalized KLC@Fe7.5-Y.

Loading plots of (a) KL/Fe7.5 and KL/Fe7.5-200, (b) KL/Fe7.5-200 and KL/Fe7.5-300,
(c) KL/Fe7.5-300 and KL/Fe7.5-400, (d) KL/Fe7.5-400 and KL/Fe7.5-500, (e) KL/Fe7.5500 and KL/Fe7.5-550, (f) KL/Fe7.5-550 and KL/Fe7.5-600.
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Figure 3.6 (continued).
(g) KL/Fe7.5-600 and KL/Fe7.5-700, (h) KL/Fe7.5-700 and KL/Fe7.5-750, (i) KL/Fe7.5750 and KL/Fe7.5-800, (j) KL/Fe7.5-800 and KL/Fe7.5-900, and (k) KL/Fe7.5-900 and
KL/Fe7.5-1000.
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3.2.2.2

Temperature effects on iron phase
Figure 3.7 show XRD profiles of KL/Fe7.5-Y samples. Similar to diffraction of

lignin [100], the diffraction profile of KL/Fe7.5 has a broad diffraction peak at 2θ = 21º,
and indicated KL/Fe7.5 has a disordered structure. There was no iron related diffraction
peaks observed in KL/Fe7.5, which suggested that iron ions have chelated to lignin [101].
The diffraction profile of KL/Fe7.5-200 is as same as KL/Fe7.5 with a diffraction peak at
2θ = 21º, that is because no chemical reactions occurred at temperatures below 200 ºC.
With thermal treatment temperature increased from 300 to 500 °C, diffraction peaks at
30.1°, 35.4°, 43.1°, 57.0°, 62.6° were detected, which corresponded to (220), (311),
(400), (511), (440) reflections of iron oxides (Fe2O3), respectively [102,103]. As
temperature increased to 550 °C, Fe2O3 diffraction peaks were greatly decreased, and new
peaks at 42.7° and 44.6° were detected, which corresponded to (200) of ferrous oxide
(FeO, pdf# 00-001-1223), and (110) reflections body-centered cubic iron (α-Fe) [104],
respectively. The peaks around 43.6°, 51.0° and 75.1° corresponded to the face-centered
cubic iron (γ-Fe) lattice reflections of (111), (200) and (220) planes (pdf#98-000-0258)
were detected at thermal treatment temperature above 700 ºC. The diffusion temperature
for carbon to bulk α-Fe is 727 °C [105]. In this case, the γ-Fe was formed at a lower
temperature (700 °C) because of the size effect from nano-sized iron [106]. As
temperature increased to 1000 °C, the increased intensity around 44.4° corresponded to
(013) reflection of Fe3C. The activation energy for carbon atom diffusing into α-Fe and γFe are 80 kJ/ mol and 148 kJ/ mol [105], respectively. Thus, higher temperature (1000
°C) gave carbon atom the advantage of high energy to cross the energy barriers for
diffusing into γ-Fe and forming Fe3C. Thermodynamically, γ-Fe is unstable at the room
61

temperature, and should convert to α-Fe and Fe3C [68], spontaneously. However, the
existence of γ-Fe in KL/Fe7.5Y was because it was encapsulated tightly by carbon [107].

Figure 3.7

XRD patterns of KL/Fe7.5-Y samples.

The grain size of Fe phases can be evaluated by fitting the diffraction curves. The
details of the fitting procedure and results can be found in APPENDIX F. The grain size
of Fe2O3 nanoparticles increased from 5.4 nm to 14.1 nm with increasing temperature
from 300 °C to 500 °C. The grain size of Fe2O3 was decreased to 4.6 nm at 550 °C
(Figure 3.8a). The increase grain size of Fe2O3 was because of lignin decomposition and
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agglomeration of neighboring Fe2O3 nanoparticles. The reduction reaction happened at
550 °C resulted in Fe2O3 grain size reduced. The grain size of α-Fe nanoparticles
increased at 700 °C was mainly because of iron nanoparticles sintering (Figure 3.8b).
Carbon atoms diffused into α phase iron and converted α to γ phase at the temperature
above 700 °C, which led to the α-Fe nanoparticle grain size reduced, and γ-Fe
nanoparticles grain size increased (Figure 3.8b). However, the grain size of γ-Fe
decreased at 750 °C (Figure 3.8b), because of the structure rearrangements of γ-Fe during
carbon atom precipitation and graphitic shell formation process.
The relative fraction of α-Fe, γ-Fe and Fe3C phases at a temperature above 600 °C
was evaluated by fitting diffraction curves (Figure F.6 to Figure F.11 and Table F.1 in
APPENDIX F), and results were plotted in Figure 3.8c. The α-Fe content decreased while
γ-Fe content increased with increasing temperature from 700 °C to 900 °C. However, the
increasing α-Fe content and decreasing of γ-Fe content at 1000 °C was because of the
conversion of γ-Fe to Fe3C and α-Fe.
The fitting results showed that the position of γ-Fe (111) diffraction peak varied
with temperature, which suggested carbon content in γ-Fe varied with temperatures. M
Bystrzejewski et al. [68] concluded a formula (in APPENDIX F) for estimation of carbon
content in γ-Fe. Figure 3.8d summarizes the changes of carbon content with temperature.
The amount of carbon in γ-Fe raised from 1.79 % to 1.94 % with increasing temperature
from 700 °C to 800 °C, following with a great declined to 1.81 % in the temperature of
900 °C, and increased again to 1.85 % at 1000 °C. This indicated that the higher
temperature was in favors of carbon atom diffusion. The carbon content dropped at 900
°C was probably because carbon supply was blocked by MLG encapsulation.
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Figure 3.8

Influence of temperature on (a) grain size of Fe2O3 and FeO, (b) grain size
of α-Fe, γ-Fe and Fe3C, (c) relative content of α-Fe, γ-Fe, and Fe3C, (d)
carbon content in γ-Fe.

Figure 3.9 shows bright-field HRTEM images of KL/Fe7.5 thermally treated in
the temperature range from 300 to 1000 ºC. Iron phases were determined at different
temperatures by measuring lattice space of sample HRTEM images. At thermal treatment
temperature ranges from 300 to 500 ºC, the measured lattice spaces well corresponding to
the (111), (311) and (311) interlayer spaces of γ-Fe2O3 (Figure 3.9 a, Figure 3.9b and
Figure 3.9c). Figure 3.9d indicates that the FeO and γ-Fe2O3 nanoparticles at 550 ºC, the
inserted images show (100) interlayer space of FeO and (111) interlayer spaces of γFe2O3, respectively. Figure 3.9e illustrates the α-Fe nanoparticles at 600 ºC, and inserted
image reveals (111) interlayer space of α-Fe. Figure 3.9f shows iron nanoparticles were
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tightly embedded in amorphous carbon at 700 ºC. The iron nanoparticles had core/shell
structure, and the shell shows a darker color than the core. This is because the crystal has
a more compact atomic structure which shows a darker color in bright-field HRTEM
images. Consequently, iron nanoparticles shown in Figure 3.9f probably composed of γFe-shell and α-Fe-core, because γ-Fe crystals have more compact crystal structure than αFe. The lattice space of iron nanoparticles shells measured (inserted image in Figure
3.9f), to be 2.55 Å, which corresponded to γ-Fe (110) interlayer space.
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Figure 3.9

Bright-field HRTEM images of (a) KL/Fe7.5X-300, (b) KL/Fe7.5X-400,
(c) KL/Fe7.5X-500, (d) KL/Fe7.5X-550, (e) KL/Fe7.5X-600, and (f)
KL/Fe7.5X-700.

As the temperature reached to 750 ºC, iron nanoparticles became to multilayer
graphene-encapsulated iron nanoparticles (MLGEINs) with a light color shell
(corresponding to graphene layers) and dark core (corresponding to the iron core) as
shown in Figure 3.10a. The size of MLGEINs was slightly increased (Figure 3.10) as the
temperature increased from 800 ºC to 1000 ºC, which corresponded to XRD results.
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Figure 3.10

Bright-field HRTEM images of (a) KL/Fe7.5-750, (b) KL/Fe7.5-800, (c)
KL/Fe7.5-900, (d) KL/Fe7.5-1000.

The iron phase transformation along with temperature changes was summarized
in Table 3.2. At the first stage, the KL/Fe7.5 precursor was thermally decomposed, and
the free iron ions started to aggregate and form iron oxides nanoparticles. The intensity of
Fe2O3 peaks was enhanced with the temperature increased to 500 °C, which indicated the
size growth of Fe2O3. This phenomenon was because of further lignin decomposition and
agglomeration of neighboring Fe2O3 nanoparticles. Then, the Fe2O3 was gradually
reduced to α-Fe (550 to 600 °C). Subsequently, carbon atoms constantly diffused into αFe nanoparticles to form γ-Fe (700 °C to 900 °C) with the evidence that γ-Fe diffraction
intensity increased, and α-Fe diffraction intensity decreased.
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Table 3.2

Summary of change route of iron phase KL/Fe7.5-Y
Temperature (°C)
300
400
500

Reactions
KL/Fe 7.5 →Fe2O3
Fe2O3 +C→ FeO+CO2
FeO +C→ α-Fe+CO2
FeO +C→ α-Fe+CO2

550
600
700
750
800
900
1000

3.2.3

α-Fe +C→ γ-Fe
γ-Fe +C→ Fe3C

Temperature effects on carbon structure from lignin
The morphology of KL/Fe7.5-Y samples (Figure 3.11) indicated that kraft lignin

was converted to disordered carbon in the temperature range from 300 to 700 °C. As
temperature reached to 750 °C, a part of disordered carbon contacted with iron
nanoparticles was converted to graphene layers, while the others kept the disordered
structure. MLGEINs formed at the temperature above 750 °C. The XRD result suggested
that Fe3C mainly formed at 1000 ºC, but HRTEM observation indicated graphene layer
encapsulation formed at 750 ºC. Thus, the formation of graphene layer encapsulation was
mainly because of γ-Fe catalysis.
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Figure 3.11

Bright-field HRTEM images (a) KL/Fe7.5-300, (b) KL/Fe7.5-400, (c)
KL/Fe7.5-500, (d) KL/Fe7.5-550, (e) KL/Fe7.5-600, (f) KL/Fe7.5-700, (g)
KL/Fe7.5-750, and (h) KL/Fe7.5-800.
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In addition, the random HRTEM scans (Figure 3.12) observed some multilayer
graphene (MLG) sheets and MLG nanoribbons in the products obtained in the
temperature ranges from 600 °C to 1000 °C. Figure 3.12a reveals a MLG sheet existed in
a sample treated temperature of 600 °C. Figure 3.12b is the partially enlarged view of
Figure 3.12a. Figure 3.12c shows a MLG sheet observed in a sample treated 700 °C, and
Figure 3.12d is the partially enlarged view of Figure 3.12c. Figure 3.12e shows a MLG
sheet which observed at a temperature of 1000 °C, and Figure 3.12f is the partially
enlarged view of Figure 3.12c. Figure 3.12g and Figure 3.12h illustrate MLG
nanoribbons observed at 600 °C and 700 °C, respectively.
Results from random SEM and HRTEM scans suggested that the formation of
MLG sheet was related to micron-sized (~1 μm) iron particles. Figure 3.13a shows a
SEM image of vertical growth MLG sheets growing on the micron-sized iron particles.
The inset pictures in Figure 3.13a show EDS results of the selected area confirmed that
those MLG sheets coexisted with iron. HRTEM image shows (Figure 3.13b) that MLG
sheets were attached to the MLG encapsulations of a micron-sized iron particle.
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Figure 3.12

HRTEM images of MLG sheets in (a,b) KL/Fe7.5-600, (c,d) KL/Fe7.5700, (e,f) KL/Fe7.5-1000, and tangled graphene nanoribbons in (e)
KL/Fe7.5-600, (f) KL/Fe7.5-700.
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Figure 3.13

3.2.4

Graphene sheets grew on MLG encapsulated micron-sized iron particles in
KL/Fe7.5-1000 (a) SEM view and (b) HRTEM view.

Morphology of post treated KL/Fe7.5-1000
Acid purification was used to remove iron from KL/Fe7.5-1000 samples.

However, iron nanoparticles were partly survived after acid wash because they were
encapsulated by the MLG (Figure 3.14a). HRTEM observations suggested iron
nanoparticles with a diameter smaller than 30 nm survived the acid treatment, while most
of iron particles with a diameter large than 50 nm were removed by acid. Figure 3.14b
and Figure 3.14c illustrate MLG encapsulations after acid treatment removed iron, many
structure defects were observed on MLG encapsulations (Figure 3.14c), and those defects
which provided a channel for acid accessing and removing the iron core.
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Figure 3.14

HRTEM images: (a) small size iron survived by acid (b and c) large size
iron eliminated by acid and left with MLG capsules.

Figure 3.15 shows SEM image of cracked MLG encapsulated micron-sized iron
particle after boiled into water. The ruptured MLG encapsulation showed a typical
“pomegranate-like” structure, and SEM-EDS results in Figure 3.15 indicated that the core
iron was oxidized to iron oxides. The EDS mapping (Figure 3.16) of HRTEM reveals the
cracked MLG encapsulated micron-sized iron particle contained 39 % carbon, 33.1 %
oxygen and 27.9 % iron (in atomic ratio), which confirmed that the core iron was
oxidized to iron oxides.
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Figure 3.15

SEM view of ruptured MLGEMIP.

The insert image in the upper right corner was the EDS results for the black square
selected area.

Figure 3.16

HRTEM views of (a) ruptured MLGEMIP, (b), (c) and (d) EDS maps, and
(e) EDS mapping element composition results.

Partially enlarged views of cracked MLG encapsulated micron-sized iron (Figure
3.17) confirmed the “pomegranate-like” structure, in which iron oxides were warped by
interleaved graphene layers (Figure 3.17a). Figure 3.17b illustrated the interlayer space
of graphene layers was 0.34 nm, and lattice space of iron oxide d(100) plane was 0.25 nm.
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The above observations suggested that the micron-sized iron particle may be originally
separated into many small compartments with few layers graphene sheets.

Figure 3.17

SEM (a) and HRTEM (b) views of ruptured MLGEMIP.

The inserted EDS image in (a) suggests the particles mainly composed of carbon oxygen
and iron. The inserted images in (b) show the interlayer space of graphene layers (d002=
0.34 nm) and γ-Fe2O3 (d(100)=0.25 nm).
3.3

Proposed reaction mechanism
Thermal treatment of lignin-Fe precursor produced graphene-based nanomaterials

(GNs), including MLGEINs, MLG sheets, and MLG nanoribbons. Experimental results
suggested the formation of graphene-based nanomaterials was related to a dissolution and
precipitation mechanism of the iron-carbon eutectic. Figure 3.18 illustrates iron-carbon
phase diagram [105]. The diffusion temperature for carbon materials to bulk iron
materials is 727 °C. At a high temperature, the diffusion of carbon- iron system can form
a dynamic equilibrium, i.e., carbon atoms diffuse into iron to form γ-Fe and Fe3C, and
carbon atoms diffuse out of iron to form graphene layers.
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Figure 3.18

Iron- carbon phase diagram.

Carbon sources for synthesizing of graphene-based materials can be either
carbonous gases or solid carbons. MLG sheets and MLG nanoribbons resulted from
carbonous gases. Researchers reported that graphene-based materials such carbon
nanotubes [108], and graphene [56] were synthesized by iron catalytically reacting with
carbonous gases (such as methane, ethane) at a relatively low temperature (600 °C). Our
TPS results also indicated that methane was generated at the temperature range from 400
to 1000 °C. There were two pieces of evidence to support our assumption: firstly, the
activation energy for gases carbon-iron reaction is lower than solid carbon-iron reaction,
which explains why MLG sheets and MLG nanoribbons formed at 600 °C. Secondly, the
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mass transport limitation for the solid carbon-iron reaction is much higher than the gas
carbon-iron reaction. Once the iron reacted with solid carbon and formed graphene
layers, the reaction was stopped because graphene layers covered the iron surfaces and
prevented diffusion of solid carbon into iron. However, only the carbonous gases could
possibly get access to iron core by crossing the defects of graphene layers and
reactivating the growth of MLG sheets and MLG nanoribbons.
The question here was: why the growth of MLG sheets and MLG nanoribbons
always is associated with micron-sized iron particles. There is because the micron-sized
iron particle was originated from the sintering of iron nanoparticles. Thus, the micronsized iron particle is normally flawed and not a single crystal. The structure anisotropy of
the imperfect sphericity possessed different catalytic activities among the micron-sized
iron particles. This resulted in the difference of growth rate of the graphene layers
[55,104,109]. The various growth rates further led to many of structure defects appeared
on MLG encapsulations. Those structure defects provided the channels for carbonous
gases diffusing into iron core for MLG sheets growth.
The formation mechanism of iron catalytic growth MLGEINs and MLG sheets
was proposed in Figure 3.19. Firstly, lignin-Fe precursor decomposed to iron oxides and
carbon (300 to 500 °C). Secondly, iron oxides were reduced to iron nanoparticles by
lignin-derived carbon and accompanied with aggregation of iron nanoparticles (550 to
600 °C). At the temperature range from 600 to 700 °C, micron-sized iron particles
reacted with carbonous gases and formed defective multilayer graphene encapsulations.
As the temperature reached to 750 °C, iron nanoparticles reacted with solid carbon and

77

formed MLGEINs. Carbonous gases passed through defective multilayer graphene
encapsulations and formed MLG sheets.

Figure 3.19

3.4

Schematic diagram of the conversion process from lignin-Fe precursor to
MLGEINs and MLG sheets.

Summary
In summary, the iron phase transformation during lignin catalytic carbonization

process can be concluded with four stages. At the first stage, the lignin-Fe precursor
thermally decomposed, whereas, the free iron ions started to aggregate to form Fe2O3
nanoparticles. The particle size of γ-Fe2O3 increased as the temperature increased from
300 to 500 °C. The particle size growth was because of lignin decomposition and the
agglomeration of γ-Fe2O3 nanoparticles. At the second stage, the γ-Fe2O3 was gradually
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reduced to α-Fe by lignin-derived carbon (550 to 600 °C). At the third stage, carbon
atoms constantly diffused into α-Fe nanoparticles to form γ-Fe (600 to 900 °C). At the
last stage, when the temperature reached 1000 °C, carbon atoms were further diffused
into γ-Fe and formed Fe3C. Based on the experimental results, mechanisms for the
formation of graphene-based materials from iron catalytic lignin were discussed. The
process involved the reduction of iron oxides to iron particles, and the dissolution and
precipitation of both solid carbons matter and carbonous gases on iron particles surface.
Specifically, the carbon source for MLGEINs was mainly solid carbon, and the growth of
MLG sheets, was gases carbon. The graphene layer encapsulation formation was mainly
because of γ-Fe catalysis.
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CHAPTER IV
CATALYTIC THERMAL CONVERSION OF KRAFT LIGNIN ON DIFFERENT
IRON LOADING
In this chapter, effects of iron loading on the structure of lignin-derived carbonbased nanomaterials were investigated.
4.1
4.1.1

Materials and methods
Materials
Kraft lignin from Domtar Inc was used as the carbon source for this experiment.

The lignin (pH value is 6.2) contained 97.1 % lignin, 0.53 % ash, and 1.7 % sugar. Iron
nitrate nonahydrate (Fe(NO3)3•9H2O, 98 % purity) purchased from Sigma-Aldrich, Inc
was used as the catalyst.
4.1.2

Experimental design
A 2×5 factorial experiment was designed to study effects of sample location and

iron loading on the precursor non-corrected and corrected yields. Non-corrected yield
(Ync %) is defined as the weight of products obtained from precursors. Corrected yield
(Yc %) is defined as the weight of carbon derived from kraft lignin, calculated by
subtracting ash and iron both from precursors and products.
The iron loading levels in precursors (iron element to oven dried lignin weight
ratio) were 0 %, 1.25 %, 2.50 %, 5.00 %, and 7.50 %. Sample locations were inflow and
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outflow shown in Figure 4.1. All samples were treated at same experimental conditions.
Four replications were tested for each of ten combinations.

Figure 4.1

4.1.3
4.1.3.1

Schematic of gas flow direction.

Experimental procedures
Precursor preparation
Iron nitrate solution was prepared by dissolving iron hexahydrate into 200 ml

deionized (DI) water. Then, 43.7 grams of kraft lignin were impregnated into iron nitrate
solution to obtain a lignin-Fe suspension. The suspension was then stirred in the 120 °C
oil bath to evaporate water and get a sticky solid mixture was obtained. The mixture was
then dried for two hours at 80 °C followed by another 48 hours drying at 105 °C to obtain
oven dry lignin-Fe precursors. The lignin-Fe precursors were labeled as KL/FeX, where
X represents iron loadings of 0, 1.25, 2.5, 5, and 7.5. The weight of lignin-Fe precursors
at each step was measured to calculate its chemical composition.
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4.1.3.2

Precursor characterization
The FTIR-ATR spectra of lignin-Fe precursors were recorded with the

PerkinElmer FTIR spectrometer at a resolution of 2 cm-1 for 10 scans in lignin fingerprint
range (800-1800 cm-1). The powdered samples were pressed against the diamond crystal
of the ATR device [73]. The background spectrum was obtained by scanning the air and
then subtracted from the sample spectrum before converted into absorbance units. The
spectra were baseline-corrected manually using Spectrum® Quant software
(PerkinElmer, Massachusetts, US). The baseline corrected spectra were normalized by
integral absorption of total spectral range and analyzed by principal component analysis
(PCA) using the Unscrambler 10.3 X. Ten sub-samples were analyzed for each of five
precursors. The mean spectra were obtained by averaging area-normalized spectrums.
The thermo-gravimetric analysis of lignin-Fe precursor was conducted from room
temperature to 1000 °C at a heating rate of 20 °C/ min in a flowing nitrogen (99.99%)
atmosphere at a flow rate of 100 mL/ min.
4.1.3.3

Thermal treatment process
The catalytic thermal treatment was carried out in a split-hinge quartz tube

electric furnace (Lindberg Blue M 1200) equipped with a temperature controller
(Lindberg/Blue UTC 150). Two to three grams of precursor samples were loaded in each
of two boats and carbonized in a 2-inch quartz tube inserted into a furnace. The thermal
treatment process started with the argon (99.99%) flowing through the cylinder system
for 15 min to remove oxygen from the system. The precursor samples were heated to
1000 °C at a ramping rate of 20 °C /min in a flowing argon atmosphere at a flow rate of
1.8 L/min and then the temperature was maintained at 1000 °C for 1 hour. After naturally
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cooling down to room temperature, the collected products were weighted and milled into
a fine powder. The yield was calculated with experimental error controlled at 1 % level.
The precursor non-corrected yield (Ync %) and corrected yield (Yc %) was calculated
using the Eq.3.1 and Eq.3.2, respectively.
After thermal treatment at 1000 °C, lignin-Fe precursors were converted to ligninderived carbon/ iron composites labeled as KL/FeX-1000, where X represents iron
loadings of 0, 1.25, 2.5, 5, and 7.5.
4.1.3.4

Post-treatment
The KL/FeX-1000 was treated with concentrated acid and water, respectively.

The acid post-treatment was to remove irons from the lignin-derived carbon/iron
composites. The milled sample was immersed into 20 % HNO3 solution. The mixed
solution boiled for 2 h, then rinsing with DI water. The acid washed KL/FeX-1000 was
labeled as KL/FeX-1000A. The water washed sample was prepared by boiling the milled
carbon/iron composite into DI water for 2 h, followed by rinsing it with DI water. The
water washed KL/FeX-1000 was labeled as KL/FeX-1000W.
4.1.3.5

Characterization
The XRD patterns of KL/FeX-1000 samples were recorded by Rigaku SmartLab

(CuKα radiation and λ=1.5406 Å) with a scanning speed of 1°/min and step size of
0.02 °. The structure parameters and iron phase compositions were studied using Jade
2010 software package to fit diffraction patterns.
The morphology of KL/FeX-1000 and post treated KL/FeX-1000 samples were
characterized by field emission scanning electron microscopy (SEM, JSM-6500F) which
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coupled with an energy dispersive spectroscopy (EDS) and high-resolution transmission
electron microscopy (HRTEM, JEM-2100 LaB6). HRTEM samples were prepared by
dispersing samples in ethanol for 10 min with an ultrasonic bath and then a drop of the
resulting suspension were placed on a lacey copper grid.
4.2
4.2.1

Results and discussion
Chemical structure of lignin-Fe precursor
Figure 4.2 shows mean FTIR spectra of lignin-Fe precursors, which were based

on ten replicates for each of iron loadings. The peaks were numbered and assigned to
chemical compounds listed in Table 4.1 according to literature and [35,78,79]. Figure 4.3
illustrates softwood lignin structure model with peak numbers labeled.

Figure 4.2

Mean FTIR spectra of the lignin-Fe precursors with different iron loadings.
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Table 4.1

The main functional groups of the softwood lignin.

1

Wave number
(cm-1)
1700-1730

2

1595

3

1511

C= O stretching (unconjugated)
aromatic skeletal vibration and C=O
stretching
aromatic skeletal vibrations

4

1455, 1425

-CH3 deformation

5
6
7
8
9
10
11

1365
1266, 1213
1150
1079
1030
967
851, 812

In-plane deformation vibration of phenolic
C-O stretching of guaiacyl ring
Guaiacyl C-H deformation
C-O
C-O
-C-C-H and –HC=CH- deformation
C-H

Figure 4.3

Functional groups

Compounds
Ketone and carbonyl

Chemical structure model of softwood lignin.
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Methyl, methylene
and methoxyl
Phenolic
Secondary alcohols
Primary alcohols
Aromatic hydrogen

To discriminate the difference among lignin-Fe precursors with different iron
loadings, PCA analyses were performed on the lignin fingerprint region (800 to 1800 cm1

). Figure 4.4a shows the PCA score plot. The first principal component (PC1) describes

the maximum of variation in the samples, which could explain 85 % of the variance in
the samples. Five groups were separated in the score plot based on iron loadings. The
lignin-Fe precursor with the iron loading of 7.50 % had the most negative value on PC1,
and raw of lignin had the most positive value on PC1.
Figure 4.4b illustrates the loading plot of PC1. The loading plot of PC1 provided
information on what source of variation (wave number) mostly contributed to differences
among lignin-Fe precursors. The PC1 loadings profile shows negative values at
absorption bands of C=O stretching (1595 and 1700 cm-1), indicating higher amounts of
those functional groups existed in lignin-Fe precursors with higher iron loading. The PC1
loading profile shows positive values at absorption bands of aromatic C-H (812, 853, and
1151 cm-1), aliphatic C-O (1030 and 1079 cm-1), and C-O stretching of guaiacyl ring
(1213 and 1266 cm-1), indicating higher amounts of those functional groups in existed
lignin-Fe precursors with lower iron loading.
In summary, lignin-Fe precursors with higher iron loadings had the relative higher
amount of C=O bond, and lower amount of aromatic C-H, aliphatic oxygen, and guaiacyl
ring C-O bonds. The molecule structure of lignin changed because of iron, and iron ions
chelated to lignin formed a lignin-Fe complex. The increase in the intensity of C=O bond
accompanied by the decrease in the intensity of aliphatic C-O bond in lignin-Fe
precursors with higher iron loadings, indicating aliphatic alcohol was oxidized to
aldehydes and ketones by iron ions through Fenton oxidation [110]. The decreased
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intensity of aliphatic C-O bond with increased iron loading also indicated Fe3+ may
chelate to aliphatic C-O. The chemical model was proposed in Figure 4.5a. The reduction
intensity of guaiacyl ring C-O groups suggested that the aromatic related oxygen was
modified to form the new ferrate ester. Figure 4.5b illustrates the model of ferrate ester
suggested by Nishida et al. [111]. The decrease in aromatic C-H band intensity supported
the formation of ferrate ester and suggested that the aromatic rings structure was also
modified. New oxygen was added on aromatic rings, the model proposed in Figure 4.5c.
Pandey et al. [112] also reported covalent-bonded chromate esters existed in CCAtreated Southern pine, and chromate oxygen was covalently bonded to the aromatic ring
of lignin, which yielded a similar ester structure to Figure 4.5c.

Figure 4.4

The (a) scores and (b) loading plot of PCA of lignin spectra (800-1800 cm1
) with different iron content.
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Figure 4.5

4.2.2

Proposed model of the lignin-iron chelate.

Thermal analysis and thermal treatment yields of KL/FeX-1000
Figure 4.6a shows TGA results of raw lignin and lignin-Fe precursors. The first

weight loss occurred below 200 °C, because of the volatilization of free water and some
low molecular weight gases. The second weight loss happened between 200 and 600 °C,
because of the main structure cracking of lignin. The last weigh loss was found from 600
to 1000 °C because of lignin carbonization.
Figure 4.6b shows differential thermos gravimetric (DTG) curves of raw lignin
and lignin-Fe precursor. The peak in DTG curve indicated the maximum decomposition
rate and peak position. The iron loading affected the maximum decomposition rate and
peak position. The DTG peak for raw lignin samples was 402.4 °C, for KL/Fe1.25
samples was 396.1 °C, for KL/Fe2.5 samples was 395.8 °C, for KL/Fe5 was 395.1 °C,
and for KL/Fe7.5 was 393.4 °C. The increasing iron loading shifted the DTG peak to
lower temperatures. The lignin-Fe precursor showed a shoulder peak around 250 °C,
which probably resulted from decomposition of nitrogen compounds. However, raw
lignin sample had a shoulder around 290 °C. In addition, lignin-Fe precursors have a
second weight loss peak at the temperature of 750 °C, which probably corresponded to
lignin catalytic graphitization process.

88

Figure 4.6

Thermal analysis (a) TGA and (b) DTG curves of raw lignin and lignin-Fe
precursors.

Raw data for precursor preparation, precursor thermal treatment, and yield
calculation were listed in APPENDIX C, APPENDIX D, and APPENDIX E,
respectively.
Mean value of Ync % and Yc % were listed in Table 4.2 and Table 4.3,
respectively. Thermal treatment yield vs iron loading plots (Figure 4.7) show that Ync %
and Yc % increased as iron loading increased.
Table 4.2
Location

Summary of mean value of Ync % for different iron loadings.
Trial

Mean
Inflow
(%)
COV
Mean
Outflow
(%)
COV
Average (%)
COV (%)

0
40.84
0.45
41.00
0.52
40.91
0.50

1.25
44.89
0.26
44.84
0.33
44.86
0.29
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Iron loading (%)
2.50
5.00
46.58
47.71
0.66
0.14
46.75
47.69
0.40
0.13
46.66
47.70
0.54
0.13

7.50
48.38
0.35
48.73
0.35
48.55
0.50

Table 4.3
Location

Summary of mean value of Yc % for different iron loadings.
Trial

Mean
Inflow
(%)
COV
Mean
Outflow
(%)
COV
Average (%)
COV (%)

Figure 4.7

0
40.52
0.46
40.68
0.52
40.60
0.50

1.25
44.73
0.29
44.68
0.35
44.46
0.30

Iron loading (%)
2.50
5.00
46.06
46.50
0.70
0.16
46.25
46.48
0.43
0.15
45.91
46.25
0.58
0.15

7.50
46.68
0.41
47.08
0.40
46.63
0.59

Plotted average Ync % and Yc % vs iron loadings.

Yield mean comparisons were analyzed using statistical analysis system (SAS)
software. The outputs of ANOVA tables and mean comparison results were listed in
APPENDIX E. Table 4.4 summarizes ANOVA results of Ync % and Yc %.
In limit load analyses, ANOVA results (Table 4.2) indicated that the two-factor
interaction of Ync % was not significant. Therefore, the non-significant two-factor
interaction was ignored, and main effects were further analyzed. Mean comparisons of
Ync % values among iron loading indicated that there was a significant difference among
two sample locations. This indicated that the iron loading had significant effect on Ync %.
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The Ync % of lignin-Fe precursors was significantly increased as iron loading increased.
Mean comparison of Ync % values between sample locations indicated that there was
significant difference among iron loadings. This indicated that the sample locations had
significant effect on limited load.
Alternative mean comparison approach was that the non-significant two-way
interaction was analyzed using the protected LSD multiple comparison procedure. A oneway classification with 10 treatment combinations with respect to the two-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.27 %. The results indicated that Ync % of lignin-Fe precursors was significantly
increased as iron loading increased (0). At the iron loading level of 0 %, 1.25 %, 2.5 %,
and 5.0 %, there were no significant differences in Ync % between inflow and outflow in
sample locations. Within iron loading of 7.5 %, sample location had significantly affect
Ync %, this phenomenon maybe resulted from carbonous gases from lignin thermal
treatment 0. More experiments are needed to verify the validity of sample location effect
on higher iron loading of, i.e. 10 %, 15 % and etc.
Table 4.4

ANOVA of Ync % and Yc %.
Source

Model
Iron loading
Location
Iron loading*Location

F-Value
1043.30
2344.50
4.92
1.70

Ync %
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P-Value
<0.0001
<0.0001
0.0343
0.1764

F-Value
680.99
1528.96
5.41
1.92

Yc %

P-Value
<0.0001
<0.0001
0.0270
0.1325

Table 4.5

Mean comparisons of Ync % for iron loadings within each of two sample
location.

Sample location
Inflow
Outflow

Table 4.6

0
40.84 A
41.00 A

Iron loading (%)
1.25
2.50
44.89 B
46.58 C
44.84 B
46.75 C

5.00
47.71 D
47.69 D

7.50
48.38 E
48.73 E

Mean comparisons of Ync % for sample location within each of five iron
loadings.

Iron loading (%)
0
1.25
2.50
5.00
7.50

Inflow
40.84 A
44.89 A
46.58 A
47.71 A
48.38 A

Sample location

Outflow
41.00 A
44.84 A
46.75 A
47.69 A
48.73 B

In limit load analyses, ANOVA results (Table 4.2) indicated that the two-factor
interaction of Yc % was not significant. Therefore, the non-significant two-factor
interaction was ignored, and main effects were further analyzed. Mean comparisons of
Yc % values among iron loading indicated that there was a significant difference among
two sample locations. This indicated that the iron loading had significant effect on Yc %.
The Yc % of lignin-Fe precursors was significantly increased as iron loading increased.
Mean comparison of Yc % values between sample locations indicated that there was
significant difference between iron loadings. This indicated that the sample locations had
significant effect on limited load.
Alternative mean comparison approach was that the non-significant two-way
interaction was analyzed using the protected LSD multiple comparison procedure. A oneway classification with 10 treatment combinations with respect to the two-factor
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interaction and mean comparisons among these combinations using a single LSD value of
0.27 %. The results indicated that Yc % of lignin-Fe precursors was significantly
increased as iron loading increased (Table 4.7). At the iron loading level of 0 %, 1.25 %,
2.5 %, and 5.0 %, there were no significant differences in Yc % between inflow and
outflow in sample locations. Within iron loading of 7.5 %, sample location had
significantly affect Yc %, this phenomenon maybe resulted from carbonous gases from
lignin thermal treatment Table 4.8. More experiments are needed to verify the validity of
sample location effect on higher iron loading of, i.e. 10 %, 15 % and etc.
Table 4.7

Mean comparisons of Yc % for iron loadings within each of two sample
location.

Sample location
Inflow
Outflow

Table 4.8

0
40.52 A
40.68 A

Iron loading (%)
1.25
2.50
5.00
44.73 B
46.06 C
46.50 DE
44.68 B
46.25 CD
46.48 D

7.50
46.68 E
47.08 E

Mean comparisons of Yc % for sample location within each of five iron
loadings.

Iron loading (%)
0
1.25
2.50
5.00
7.50

Inflow
40.52 A
44.73 A
46.06 A
46.50 A
46.68 A

Sample location

Outflow
40.68 A
44.68 A
46.25 A
46.48 A
47.08 B

The mean comparison results for least squares means of iron loading*location
was plotted in Figure 4.8. In summary, iron loading was the main factor for both Ync %
and Yc % compared with the location. It has been reported that catalytic thermal treatment
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of biomass is an effective way to reduce volatilizable tar yield [113,114]. Thus, the
increase of lignin yield was probably due to less volatile tar formed with the presence of
the iron catalyst.

Figure 4.8

4.2.3

Plot of T comparison lines for least squares Means of iron
loading*location.

Iron phase composition analysis
Figure 4.9 illustrates XRD profiles of KL/FeX-1000. The peaks at 44.7°, 65.0°

and 82.3° can be ascribed to the (110), (200), (211) reflections of α-Fe [104],
respectively. The peaks at 43.7°, 51.0° and 75.1° are related to the γ-Fe lattice reflections
of (111), (200) and (220) planes (ICCD 00-052-0513), respectively. Besides, the
reflections of Fe3C at 43.8°, 44.6° and 44.9° were overlapped by the reflections of the
other iron phases. The high intensity between 43.7° and 44.7° was due to the reflections
of Fe3C.
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Figure 4.9

XRD pattern of KL/FeX-1000 at different iron loadings.

In order to study the relative fractions and particle size of iron phases, the fitting
of the diffraction pattern was implemented for selected 2θ range (41 to 48°). The fitting
curves are shown in Figure 4.10.

Figure 4.10

Fitted X-ray diffraction pattern of selected 2θ range (41-48°) for (a)
KL/Fe1.25-1000, (b) KL/Fe2.5-1000, (c) KL/Fe5.0-1000, and (d)
KL/Fe7.5-1000.
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The relative fraction of α-Fe, γ-Fe and Fe3C is defined as the area ratio of the
fitted peak for each iron phases to the total fitted area. Table 4.9 summarizes the relative
fraction of α-Fe, γ-Fe, and Fe3C for samples, and the plot of relative fraction vs iron
loading is shown in Figure 4.11. The relative fraction of α-Fe and γ-Fe raised with the
increasing iron loading, while the Fe3C content decreased with increasing iron loading.
The grain size, L was calculated for the most intense diffraction peaks of each
metal using the Scherrer formula:
L

0.9
( BM  BS2 )  cos 
2

(4.1)

where, λ is wavelength of the target CuKα (1.5406 Å), BM is the full width at half
maximum of fitted peak, BS is the full width at half maximum of the standard materials in
radians (BS = 0.1º × π/180 º), θ is peak centroid for fitted peak. Table 4.9 summarizes the
calculated grain size of α-Fe, γ-Fe, Fe3C, and the average (arithmetic mean of α-Fe, γ-Fe,
Fe3C grain size) for samples. The plot of grain size vs iron loading is shown in Figure
4.11b. The average grain size increased with iron loading, which was mainly due to
sintering of iron nanoparticles [115]. Although the known melting temperature of bulk
iron is approximately 1535 °C, the melting temperature for nanoscale iron is decreased
due to its high vapor pressure of Fe surface atoms [115,116]. The mean size of α-Fe
nanoparticles was firstly decreased with increasing iron loading between 1.25 % and 2.5
% from 46 nm to 28 nm, and then increased to 42 nm with increasing iron loading to 7.5
%. The γ-Fe grain size was increased with increasing iron loading between 1.25 % and
7.5 % from 18 nm to 56 nm. The mean size of Fe3C nanoparticles was firstly increased
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with iron loadings between 1.25 % and 2.5 % from 8 nm to 23 nm, and then
approximately keeps no change with increasing iron loading to 7.5 %.
Table 4.9

Summary of relative fraction and grain size for iron phases in different iron
loadings.

Sample
KL/1.25-1000
KL/2.5-1000
KL/5-1000
KL/7.5-1000

Figure 4.11

4.2.4

Relative fraction (%)
a-Fe
r-Fe
Fe3C
34
30
36
43
32
25
45
35
20
51
38
11

a-Fe
46
28
40
42

Grain size (nm)
r-Fe
Fe3C
average
18
8
24
39
23
30
55
18
37
56
23
40

Summary of relative fraction and particle of iron phases.

SEM observations of KL/FeX-1000
Figure 4.12 illustrates SEM images of thermally treated kraft lignin (KL/FeX0-

1000). The low magnification (500 X) views suggested the carbonized samples exhibited
polygonal shapes (Figure 4.12). Previous researchers have reported that thermally treated
lignin produced non-graphitizing carbon with opened and closed vesicles shapes
[35,82,117]. In our case, the polygonal shaped particles resulted from vesicles rupture
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caused by grinding of samples before SEM test. Figure 4.12b indicates that the surface of
KL/Fe0-1000 was covered by many of oval-shaped nanoparticles with the size ranged
from 50 to 200 nm in diameter. The insert image in Figure 4.12b is the partially enlarged
view of surface nanoparticles and the element analysis results of EDS. The EDS results
suggested that surface nanoparticles composed of 100 % element carbon, which was
resulted from re-deposition of volatile matters. Figure 4.12c reveals the cross section of
KL/Fe0-1000, no nanoparticles were observed.

Figure 4.12

SEM images of KL/Fe0-1000 at the magnification (a) 500X, (b) 5,000X,
and (c) 100,000X.
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Figure 4.13 illustrates SEM images of KL/FeX1.25-1000 sample, the sample
surface have some nanoparticles with the diameter ranges from 10 to 30 nm (Figure
4.13b). The insert image in Figure 4.13b is the partially enlarged view of surface
nanoparticles and the element analysis results of EDS, which suggested that those are
multilayer graphene encapsulated iron nanoparticles (MLGEINs) because their
nanoparticles contained iron and carbon. Figure 4.13c shows the inner structure of
KL/FeX1.25-1000, many MLGEINs were embedded in the solid carbon matrix with their
diameter mostly less than 10 nm.

Figure 4.13

SEM images of KL/Fe1.25-1000 at the magnification (a) 500X, (b)
5,000X, and (c) 100,000X.
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Figure 4.14 shows SEM images of KL/FeX2.5-1000 sample, the sample surface
have some MLGEINs with the diameter ranges from 20 to 100 nm (Figure 4.14 b), and
the MLGEINs which embedded into the solid carbon with the diameter ranges from 10 to
50 nm (Figure 4.14 c).

Figure 4.14

SEM images of KL/Fe2.5-1000 at the magnification (a) 500X, (b) 5,000X,
and (c) 100,000X.

Figure 4.15 shows SEM images of KL/FeX5-1000 sample, the sample surface
MLGEINs with the diameter mainly ranges from 50 to 300 nm (some particles have the
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diameter over than 1 µm, Figure 4.14 b), and the MLGEINs which embedded into the
solid carbon with the diameter ranges from 10 to 100 nm (Figure 4.14 c).

Figure 4.15

SEM images of KL/Fe5-1000 at the magnification (a) 500X, (b) 5,000X,
and (c) 100,000X.

Figure 4.16 shows SEM images of KL/FeX7.5-1000 sample, the sample surface
MLGEINs with the diameter mainly ranges from 50 to 300 nm (some particles have the
diameter over than 1 µm, Figure 4.16 b), and the MLGEINs which embedded into the
solid carbon with the diameter ranges from 10 to 100 nm (Figure 4.16 c). This was
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because the high iron loading provided a worse dispersion of catalyst and resulted in
sintering of iron nanoparticles [68].

Figure 4.16

SEM images of KL/Fe7.5-1000 at the magnification (a) 500X, (b) 5,000X,
and (c) 100,000X.

Figure 4.17a and Figure 4.17b show the HRTEM images of KL/Fe0-1000, it can
be seen the carbon have short range (1-4 nm) ordered graphene layers with stacking
height of 3-4 layers (Figure 4.17b). And the space between the graphene layers is about
3.5 Å, large than graphite d002 lattice (3.35 Å), which indicated that thermal treatment of
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lignin without the aid of iron yield carbon had disordered structure [118,119]. The
HRTEM observations of thermally treated lignin-Fe precursors (Figure 4.17c to Figure
4.17f) illustrate MLGEINs have a diameter ranged from 5 to 200 nm, and the diameter
increased with increased iron loading.

Figure 4.17

HRTEM images of (a, b) KL/Fe0-1000, (c) KL/Fe1.25-1000, (d)
KL/Fe2.5-1000, (e) KL/Fe5-1000, (f) KL/Fe7.5-1000.
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4.2.5

Structure and morphology studies of post treated KL/FeX-1000
Phase composition studies of post treated KL/FeX-1000

4.2.5.1

Figure 4.18a shows the diffraction pattern of KL/FeX-1000A, acid post treated
sample. The disappearance of the iron peaks suggested iron was eliminated by acid. The
broad peaks located on 24° and 43.5° were attributed to the (002) and (10) reflections of
graphite [18]. For KL/Fe1.25-1000A and KL/Fe2.5-1000A, two peaks located at 43.7°
and 44.7° can be attributed to acid survived iron. However, for KL/Fe5-1000A and
KL/Fe7.5-1000A, the acid survived iron reflections were probably overlapped by (10)
reflections of graphite. The observation also suggested acid survived iron decreased with
increased iron loading. Figure 4.18b shows the diffraction pattern of KL/FeX-1000W,
water post treated sample. Some new diffraction peaks around 30.1°, 35.4°, 56.9° and
62.5° were observed in water washed samples, and which corresponded to the (220),
(311), (511), (440) reflections of Fe2O3 [102,103]. The observation points to the
unprotected iron particles were oxidized to iron oxides. And the remaining peak at 43.9°
and 44.9° suggested the presence of MLGEINs. That XRD results well corresponded to
the purification yield calculations, and which suggested low iron-to-carbon ratios tend to
form perfect MLG encapsulations.

Figure 4.18

XRD pattern of (a) KL/FeX-1000A, (b) KL/FeX-1000W.
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4.3

Summary
The effect of iron loading on iron catalytic thermal treatment of kraft lignin to

multilayer graphene encapsulated iron nanoparticles was investigated in this chapter.
With the increased iron loading, the corrected carbon yield increased from 44.99 %
(corresponding to 1.25 % Fe) to 47.16 % (corresponding to 7.50 % Fe). The grain size of
iron nanoparticles increased along with iron loading increasing. Low iron loading (<2.50
%) in the starting materials favored to form small MLGEINs (< 30 nm) while the high
iron loading (>5.00 %) favored to form large size MLGEINs (>50 nm).
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CHAPTER V
CATALYTIC THERMAL CONVERSION OF KRAFT LIGNIN ON DIFFERENT
IRON CATALYSTS
5.1
5.1.1

Materials and methods
Materials
Kraft lignin from Domtar Inc., contained 97.1 % lignin, 0.53 % ash, and 1.7 %

sugar. Iron nanoparticles (FeNP) purchased from Sun Innovations Inc. (Fremont, CA,
USA) had the average particle size of 25 nm. Iron nitrate hexahydrate (Fe(NO3)3•9H2O,
98% purity, labeled as FeN) was purchased from Sigma-Aldrich.
5.1.2

Precursor preparation
The precursor, labeled as KL/FeP, was prepared by grinding 1 part of FeNP and 4

parts oven dried lignin in an agate mortar for five minutes.
The precursor, labeled as KL/FeN, was prepared by first mixing 18.32 g FeN and
10 g oven-dried lignin in 200 ml of distilled water, followed by stirring for 30 min and
then dried at 80 °C. The final obtained KL/FeN precursor had a Fe/ Lignin weight ratio of
1 to 4.
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5.1.3

Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was performed on a 50H thermo-gravimetric

analyzer. Ten milligrams KF/FeP and KF/FeN was heated from 50 °C to 1000 °C at a
ramping rate of 20 °C/min. The purified nitrogen flows with a flow rate of 100 ml/min.
5.1.4

Thermal treatment
Thermal treatment of KL/FeP and KL/FeN was carried out in a split-hinge 2 in.-

quartz tube electric furnace (Lindberg/Blue M 1200) equipped with a temperature
controller (Lindberg/Blue UTC 150). The quartz tube had an inner diameter of 1.84 in.
and a length of 32 in. For each experimental run, 2.5 g of samples were loaded in each of
two boats. The boats were placed in the middle of the quartz tube. The thermal
conversion process started with the argon (99.99 %) flowed through the cylinder system
for 15 minutes to remove oxygen from the system. Then the sample was heated to 1000
ºC at a ramping rate of 20 ºC / min and held at 1000 ºC for 1 h. After that, the thermal
instrument was turned off, and cooled down below 200 ºC, followed by transferring the
samples to a desiccator. The processes were under argon flow environment with an argon
flow rate of 1.8 L/min. After cooling down to ambient temperature, the samples were
weighed and their yields calculated. The thermally treated KL/FeP and KL/FeN samples
were labeled as KL/FeP1000 and KL/Fe1000, respectively.
Three replicates were run for each of two precursors to obtain reproductive results
with overall yield deviation within 1 %. The overall yield difference between two boats
was required to be less than 1 % for each run. In the case of overall yield deviation
between two boats being large than 1 %, additional runs were required.
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5.1.5

Yield calculation
For KL/FeP and KL/FeN, the precursor thermal treatment yield (Y %) was

calculated using the Eq.3.1.
Lignin thermal treatment yield (Yc %) was calculated for KL/FeP using the
Eq.3.2.
In KL/FeN preparation process, iron nitrate was partly decomposed, and the
amount of decomposed iron nitrate was unknown. Thus, the Eq.3.2 cannot be used to
calculate lignin conversion yield for KL/FeN, because of the complex composition of the
mixture and unknown iron weight percent in the KL/FeN.
5.1.6

Acid post treatment
To remove iron and ash from KL/FeP1000 and KL/FeN1000 samples, 1.5 g of

each sample boiled for 2 hours in an Erlenmeyer flask filled with 50 ml of 20 % nitric
acid. The boiled sample was filtered through a nylon membrane (pore size of 0.45 um),
followed by rinsing the sample with 1.5 liters distilled water. The DI water rinsed
KL/FeP1000 and KL/FeN1000 sample were oven-dried at 105 ºC overnight.
5.1.7

Characterization
The FTIR-ATR spectra of precursors and their thermally treated samples were

recorded using the PerkinElmer FTIR spectrometer at a resolution of 2 cm-1 for 10 scans
in 450 to 4000 cm-1 range. The powdered samples were pressed against the diamond
crystal of the ATR device [73]. The background spectrum obtained through scanning the
air was subtracted from the sample spectrum followed by converting spectrum into
absorbance units. The spectra were baseline-corrected by applying “Data Tune-up” using
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Spectrum® Quant software (PerkinElmer, Massachusetts, US). X-ray diffraction (XRD)
experiments were carried out with a Ultima3 diffractometer (CuKα radiation with
λ=1.5406 Å, scanning speed of 1°/min and step size of 0.05°). The structure parameters
and iron phase composition were studied by using Jade 2010 software package to fit the
diffraction pattern. The field emission scanning electron microscopy (SEM, JSM-6500F)
coupled with an energy dispersive spectroscopy (EDS) and high-resolution transmission
electron microscopy (HRTEM, JEM-2100 LaB6) were used to characterize the
morphology of thermally treated samples. Samples for HRTEM observations were
prepared by dispersing the powdered samples in ethanol for 10 min with an ultrasonic
bath.
5.2
5.2.1

Results and discussion
Thermal conversion yield
The yield of thermally treated KL/FeP and KL/FeN samples were 53.68 % with

its variation of coefficient (COV) of 0.6 % and 42.07 % with its COV of 0.9 %,
respectively. The statistical analysis at 5 % significant level indicated that the yield of
KL/FeN was significantly lower than KL/FeP. The lignin yield of thermally treated
KL/FeP was 42.07 % with its COV of 1% for KL/FeP.
5.2.2

Thermal gravimetric analysis
Figure 5.1a shows the TGA curves of KF/FeP and KF/FeN, and Figure 5.1b

shows the DTG curves of KF/FeP and KF/FeN.
For, KF/FeP, the first weight loss occurred below 150 ºC was because of the
volatilization of free water. The second weight loss happened between 200 and 850 ºC is
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because of thermal degradation lignin main structure. The last weight loss was found in
the temperature range of 850 to 1000 ºC, is because of the catalytic thermal creaking of
coke [120]. It can be seen from Figure 5.1b, KF/FeP reach its maximum weight loss rate
of 0.15 %/ ºC at 450 ºC.
For KF/FeN, the first weight loss occurred below 200 ºC was because of the
volatilization of free water and decomposition of nitrate groups. The weight loss
happened between 200 and 700 ºC is because of thermal degradation lignin main
structure. No weight loss was detected for KF/FeN at temperatures above 700 ºC. The
DTG curves of KF/FeN suggested that the maximum weight loss of KF/FeN occurred at
temperature of 246 ºC with its rate of 0.75 %/ºC.
It have been well known that lignin will decompose over a much wider
temperature range at temperature higher 160 ºC because of its’ thermal resistance
characters [121]. The KF/FeP thermal decomposed from 150 to 1000 ºC, which is
essentially the same as lignin thermal decomposition character. The thermal degradation
of KF/FeN mainly occurred at temperature below 700 ºC and with the maximum weight
loss occurred at 236 ºC, which is significantly lower than lignin. The presence of metal
catalyst will lower the decomposition temperature. Thus, the lower thermal
decomposition temperature of KF/FeN than KF/FeP was because of the iron catalyst in
KF/FeN have a more evenly distribution than in KF/FeP.
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Figure 5.1

5.2.3

Thermal analysis (a) TGA and (b) DTG curves of KF/FeP and KF/FeN.

FTIR analyze of precursor materials

Figure 5.2 illustrates FTIR spectrums of FeP, FeN, kraft lignin, and lignin/iron
mixture (KL/FeP and KL/FeN). The kraft lignin spectrum shows many of peaks related to
compounds listed in Table 5.1 [35,78,79]. Typically, the broad peak at 3400 cm−1 is
related to the hydrogen bond. The peak at 2937 cm−1 corresponds to C-H stretching. The
bands in the range of 800-1800 cm−1 are lignin fingerprint region [122] which can be
used to compare structure changes of lignin after it is mixed with iron. In the spectrum of
FeP, the band around 540 cm−1 attributes to Fe-O vibration [123], which suggests FeP
was partly oxidized to iron oxides by air. The KL/FeP spectrum viewed as the
superposition of kraft lignin and FeP spectra indicates that kraft lignin structure was not
altered. In the spectrum of FeN, the broads peak at 2900 cm−1 and 1630 cm−1 can be
assigned to non-dissociated water [124]. The peaks at 1300 cm−1 and 815 cm−1 can be
attributed to nitrate group [124]. In addition, the peaks at 470 cm−1 and 690 cm−1
correspond to Fe-O [123,125] and Fe-O-H [126], respectively. The KL/FeN spectrum

111

was different from KL spectrum, which suggested lignin structure was modified. This is
because iron ions were chelated to lignin formed lignin-Fe precursor.

Figure 5.2

FTIR profiles of kraft lignin and lignin-Fe mixtures.
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Table 5.1

1
2
3
4
5
6
7
8
9
10
11
12
13
14

5.2.4

Summary of main functional groups in softwood lignin.

Wave number
Functional groups
Compounds
(cm-1)
3600-3100
Hydrogen bonded -OH stretching
Acid, methanol
2860-2939
C–Hn stretching
Alkyl, aliphatic,
1700-1730
C= O stretching (unconjugated)
Ketone and carbonyl
1595
aromatic skeletal vibration and C=O stretch
1511
aromatic skeletal vibrations
Methyl, methylene,
1455, 1425
-CH3 deformation
and methoxyl
1365
In-plane deformation vibration of phenolic
Phenolic
1266, 1213
C-O stretching of guaiacyl ring
1150
Guaiacyl C-H deformation
1079
C-O
Secondary alcohols
1030
C-O
Primary alcohols
967
-C-C-H and –HC=CH- deformation
851, 812
C-H
Aromatic hydrogen
Skeletal deformations of aromatic ring,
633, 555
Aromatic ring
substituent groups, and side chains

XRD analysis
Figure 5.3 illustrates XRD profiles of thermally treated KL/FeP and KL/FeN

samples. As for comparisons, XRD patterns of kraft lignin, FeNP, and precursors of
KL/FeP, and KL/FeN were also included. As expected, kraft lignin revealed a broadened
diffraction peak around 20°, which is consistent with an amorphous framework of lignin.
The FeP profile showed iron oxides (Fe2O3) and body-centered cubic (α-Fe) iron
diffraction peaks, which indicate FeP were partly oxidized by air. The KL/FeP showed
diffraction peaks similar to FeP, which suggested there was no chemical bonding formed
between kraft lignin and FeP. However, KL/FeN showed three major diffraction peaks
located at 18.2°, 34.3°, and 34.5°, respectively, which were related to neither lignin nor
FeN salt. Both XRD and FTIR results indicated that iron ions modified lignin structures.
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In addition, it can be concluded that iron distribution in KL/FeN was more evenly than in
KL/FeP.
Figure 5.3 indicated that diffraction peaks of iron oxides (Fe2O3), iron carbide
(Fe3C), α-Fe, and face-centered cubic (γ-Fe) iron were detected in KL/FeP1000 sample.
The weak peak at 35.6° corresponded to the (311) reflections of Fe2O3, did not result
from the thermal conversion process, but formed by the oxidation of iron nanoparticles in
products. The peaks around 43.6°, 51.0°, and 75.1° can be assigned to the γ-Fe lattice
reflections of (111), (200), and (220) planes (#98-000-0258). The peaks around 37.7°,
39.8°, 40.6°, 42.9°, 43.8°, 45.9°, and 49.1° were related to iron carbide Fe3C reflections
(#03-065-2411). The KL/FeN1000 had Fe2O3, α-Fe, and γ-Fe diffraction peaks, but no
obvious Fe3C diffractions were detected.
The γ-Fe and Fe3C are iron-carbon solid solutions from carburization process, and
the diffusion temperature of solid carbon into bulk iron is 727 °C [127]. It was reported
that Fe3C can be prepared by carburizing methane and iron nanoparticle at the
temperature of 500 °C [128]. Methane and carbon monoxide are generated during lignin
thermal degradation, at 400 to 600 °C [35]. Therefore, FeP reacted with carbonous gases
and formed Fe3C in KL/FeP1000 sample. However, in the case of KL/FeN, FeN salt was
accreted with lignin macromolecule to form a molecular-scale continuous phase during
the KL/FeN precursor preparation process [129]. Then the FeN salt decomposed to very
fine iron oxide nanoparticles during the oven dried process. Those small iron oxide
nanoparticles were tightly encapsulated in lignin three-dimensional network. The thermal
treatment process resulted in kraft lignin converted to non-graphitizing carbon and a close
encapsulation of iron oxides. As the temperature increased, iron oxides reduced to iron
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nanoparticles, followed by non-graphitizing carbon dissolving into iron nanoparticles and
forming γ-Fe.

Figure 5.3

XRD patterns for raw materials, precursors, and products.

In order to study the relative fractions and particle size of iron phases, the fitting
of the diffraction pattern was implemented for selected 2θ range (41 to 48°). The fitting
curves are shown in Figure 5.4. The relative fraction of each iron phase is refers to ratio
area of the fitted peak. The grain size, L was calculated for the most intense diffraction
peaks of each metal using the Scherrer formula:
L

0.9
( BM  BS2 )  cos 
2
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(5.1)

where, λ is wavelength of the target CuKα (1.5406 Å), BM is the full width at half
maximum of fitted peak, BS is the full width at half maximum of the standard materials in
radians (BS = 0.1º × π/180 º), θ is peak centroid for fitted peak.
The KL/FeN1000 contained 52 % α-Fe with the grain size of 60 nm, and 48 % γFe with grain size of 80 nm. The KL/FeP1000 contained 34 % α-Fe with the grain size of
52 nm, 20 % γ-Fe with grain size of 32 nm, and 46 % Fe3C with grain size of 48 nm.

Figure 5.4

5.2.5

Fitted X-ray diffraction pattern of selected 2θ range (41-48°) for (a)
KL/FeP1000 and (b) KL/FeN1000.

SEM observations
Figure 5.5 shows SEM images of KL/FeP1000 and KL/FeN1000 samples. The

individual particles of KL/FeP1000 were hollow spherical in shape (Figure 5.5A), while
KL/FeN1000 particles were irregular polygonal in shape (Figure 5.5B). The particle size
of KL/FeN1000 ranged from 5 to 50 µm, and KL/FeP1000 ranged from 20 to 200 µm.
Figure 5.5C and E shows that KL/FeP1000 sample, some particles surfaces were
covered with multilayer graphene encapsulated iron nanoparticles (MLGEINs, in Figure
5.5E), and others were naked (Figure 5.5C). In the case of KL/FeN1000, all particles
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surfaces were covered with MLGEINs (Figure 5.5D and F). The evenly distributed
MLGEINs in KL/FeN1000 sample were due to the homogeneous mixing of KL/FeN.
Figure 5.6 shows the elemental analysis of KL/FeP1000 sample, the results were based
on three independent measurements and the element content was in atomic ratio. The
naked surfaces (Figure 5.6A, B) consisted of 100 % of carbon, while the surfaces (Figure
5.6C, D) with MLGEINs consisted of 30 % (with its variation of coefficient (COV) of
28 %) of C, 45 % Fe of (COV of 22 %), and O 24 % (COV of 8 %), and minor amount
of Na (1 % with its COV of 50 % ). Elemental analysis of KL/FeN1000 (shown in Figure
5.7) revealed that its surface composed of 55 % of C (COV of 12 %), 32 % of Fe (COV
of 16 %), 5 % of O (COV of 30 %), and minor amount of 5 %Na (COV of 40 %) and
minor amount of Na S (1 % with its COV of 52 %). The existence of oxygen was because
of the oxidation of iron nanoparticles, which indicated the non-prefect encapsulations of
MLGEINs. The sodium and sulfur were inorganic ash of kraft lignin.
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Figure 5.5

SEM images of KL/FeP1000 (A,C, and E) and KL/FeN1000 (B, D, and F).
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Figure 5.6

SEM images (A, C) and EDS element analysis result (B,D) of
KL/FeP1000.

Figure 5.7

SEM images (A) and EDS element analysis result (B) of KL/FeP1000.
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5.2.6

TEM observations
The HRTEM observation indicated that FeP catalysis favors to form MLG

nanoribbons structures, and FeN catalysis favors to form MLGEINs structures. Figure
5.8A shows HRTEM views of multilayer graphene (MLG) nanoribbons observed in
KL/FeP1000 sample. The tangled MLG nanoribbons have estimated thickness ranging
from 5 to 20 nm and length in tens of nanometers. The measurement of carbon
nanoribbons length is quite difficult due to the complex entangled manner. Figure 5.8B
illustrates the MLGEINs with intertwined ribbon-like graphene layers. Figure 5.8C was a
partial enlarge view of the black square in Figure 5.8B. The graphene layers around 7 nm
(~20 layers) with a lattice space of 0.34 nm. Lattice defects were observed between
graphene layers, as indicated by circles in the Figure 5.8C.

Figure 5.8

HRTEM observations of KL/FeP1000: A show MLG nanoribbons, B and
C shows MLGEINs with intertwined ribbon-like graphene layers.
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Figure 5.9 illustrates the HRTEM micrographs of MLGEINs in KL/FeF1000
sample. Unlike KL/FeP1000, the majority of MLGEINs in KL/FeF1000 had no tangled
ribbon-like graphene layers.

Figure 5.9

5.2.7

HRTEM observations of KL/FeN1000: A shows MLGEINs, B is the
partial enlarge view of a nanoparticle in A.

Acid purification
Acid purification removed most of the iron in both KL/FeP1000 and KL/FeN1000

samples, with left products of MLG nanoribbons, MLG shells, and MLG sheets. Figure
5.10A and Figure 5.10B show the MLG nanoribbons observed in acid purified
KL/FeP1000 and KL/FeN1000, respectively. Figure 5.10C suggests a spherical MLG
shell was observed in acid purified KL/FeN1000. Figure 5.10C indicates a five layers
graphene sheets was found in acid purified KL/FeN1000.
In addition, iron carbide (Fe3C) was seen in acid purified KL/FeP1000 sample
(Figure 5.11A). The electron diffraction pattern (the insets in Figure 5.11A) of the
selected area (the black square in Figure 5.11A) confirmed the Fe3C structure. Figure
5.11A reveals that Fe3C located on MLG sheets. The lattice space was measured for 0.46
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nm is corresponding the (100) plane of Fe3C [130]. Fe3C is a stable compound and did
not react with acid.

Figure 5.10

HRTEM observations of acid purified (A) KL/FeP1000 and (B,C,D)
KL/FeN1000.

Figure 5.11

HRTEM observations of (A) Fe3C and (B) Fe3C located on MLG sheets.
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5.3

Discussion
It can be concluded from HRTEM observations that the formation of graphene

nanomaterials was related to carbon dissolution and precipitation mechanism.
For FeP catalysis process, carbonous gases from lignin thermal degradation
decomposed into free carbon atoms and dissolved into FeP formed Fe3C. The carbon
atoms then precipitate onto the surface of FeP formed MLG nanoribbons. However, in
the case of FeN catalysis, the fine iron oxide nanoparticles were tightly encapsulated in
lignin three-dimensional network in the precursors. As the temperature increased, iron
oxides reduced to iron nanoparticles and were tightly embedded into non-graphitizing
matrix. The carbonous gases from lignin thermal degradation cannot freely flew onto the
surface of iron nanoparticles and to form MLG nanoribbons. Meanwhile, nongraphitizing carbon was dissolved and precipitated onto iron nanoparticles formed
MLGEINs.
5.4

Summary
FeP catalyst favors forming MLG nanoribbons structures. FeN catalyst favors

forming MLGEINs structures. Acid treatment can be used to remove iron from MLG
encapsultaions. The formation of MLG nanoribbons in KL/FeP1000 is related the gases
phase dissolution and precipitation mechanism. The formation of MLGEINs in KL/FeN
1000 is related to the solid-phase dissolution and precipitation mechanism.
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CHAPTER VI
LIGNIN DERIVED CARBON/ NANO-IRON MATERIALS AND ITS APPLICATION
FOR HEAVY METAL IONS REMOVE FROM AQUEOUS SOLUTIONS
Heavy metal contaminated water has attracted considerable attention due to its
toxic to human. The zero-valent iron nanoparticles are used for the sorption of heavy
metal ions (As3+, Cr3+, Pb2+, Hg2+) because of their high specific area and high active
surface [119]. However, the stability of zero-valent iron nanoparticles is low due to its
high reactivity. In order to solve this problem, many researchers have tired to embed
nanoscale zero-valent iron nanoparticle into carbon materials [121]. In this chapter,
lignin-derived carbon/ nano-iron materials (KLC@Fe) were prepared using thermal
conversion precoss. The effects of solution pH value, particle size of KLC@Fe materials,
absorption time, and initial lead concentration on adsorption capacity of KLC@Fe
materials were investigated.
6.1
6.1.1

Experimental
Materials
Kraft lignin from Domtar Inc., contained 97.1 % lignin, 0.53 % ash, 1.7 % sugar,

and had a pH value of 6.2. Iron nitrate hexahydrate (Fe(NO3)3•9H2O, 98 % purity),
tetrahydrofuran (99.90 % purity), and lead (II) nitrate (ACS reagent 99 % purity) were
purchased from Sigma-Aldrich, Inc.
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6.1.2

Experimental design
The batch adsorption experiment was considered for evaluation of initial solution

pH, KLC@Fe particle size, adsorption time, and lead concentration on the adsorption of
lead. Three replications were tested for each of batch adsorption test.
For the evaluation of pH effects, the seven solution pH levels of 2, 3, 4, 5, 6, 7
and 8 were investigated. The KLC@Fe particle size ranged from 75 to 90 µm. The lead
concentration was 200 mg/L. The adsorption time was 24 hours. For the evaluation of
particle size effects, the six KLC@Fe particle size levels were investigated. The initial
pH level was 6, and its lead concentration was 200 mg/L. The adsorption time was 24
hours. For the evaluation of adsorption time effects, nine adsorption time levels of 1, 5,
10, 20, 60, 120, 240, 720 (12 h), and 1440 min (24 h) were selected. The lead solution
initial pH level was 6. The KLC@Fe particle size range was from 75 to 90 µm. The lead
concentration was 200 mg/L. For the evaluation of initial lead concentration effects,
seven lead concentration levels of 10, 20, 50, 100, 200, 400, and 800 mg/L were
considered. The initial pH level was 6. The KLC@Fe particle size range was from 75 to
90 µm. The adsorption time was 24 hours.
6.1.3
6.1.3.1

Procedures
Preparation of precursors
100 grams of kraft lignin dissolved into 100 ml tetrahydrofuran in a 2000 ml glass

beaker and stirred for 2 hours to obtain a lignin-tetrahydrofuran mixture. 72 grams of iron
nitrate hexahydrate were added into 100 ml deionized water in a 500 ml glass beaker to
prepare iron nitration solution. The iron nitrate solution was then added to lignintetrahydrofuran mixture to obtain lignin-Fe suspension. The weight ratio of iron element
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to oven dried lignin was 10 %. The suspension was stirred for 2 hours, followed by
keeping the suspension at room temperature for 24 hours. Then, the suspension was oven
dried at 110 ºC for one day to obtain solid precursors.
6.1.3.2

Pretreatment of precursors
The pretreatment of precursors was carried out in a split-hinge ceramic tube

electric furnace (Lindberg Blue M 1190) equipped with a temperature controller
(Lindberg/Blue UTC 150). 120 grams of solid precursors were packed into a 2-inch the
ceramic tube inserted into a furnace. The argon gas was introduced into the furnace with
a flow rate of 80 mL/ min during the pretreatment process. The precursors were thermally
pretreated at 300 ºC for 2 hours with a temperature ramping rate of 2.5 ºC /min. After
naturally cooled down to room temperature, the collected samples were milled into
powders.
6.1.3.3

Thermal treatment of precursors
The thermal treatment was carried out in a split-hinge ceramic tube electric

furnace (Lindberg Blue M 1190) equipped with a temperature controller (Lindberg/Blue
UTC 150). 50 grams of precursors were packed into the heating zone of a 2-inch ceramic
tube. The thermal treatment process started with the argon gas flowing through the
ceramic tube system for 30 min to remove oxygen from the system. Mixture with
different iron loadings were all heated to 1000 °C for 1 hour at a ramping rate of 10 °C
/min in a flowing argon atmosphere. After naturally cooled down to room temperature,
the collected products (labeled as KLC@Fe) were taken out from furnace. The collected
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KLC@Fe samples were sieved into six different size levels (< 45, 75 to 75, 75 to 90, 90
to 177, 177 to 250, and > 250 µm) for late use.
6.1.3.4

Batch adsorption experiments
50 mg KLC@Fe samples were dispersed into 40 mL solutions, and the mixture

was shaken at 25 °C for predefine time. After adsorption, the KLC@Fe was separated
from the solution through filtration. The solution pH value was adjusted to 2. The lead
concentration in aqueous solutions was determined by atomic absorption
spectrophotometer (AAS). The adsorption capacities Q (mg/g) and QFe (mg/g) were
calculated using the following equations:
Q = [(C0 −Cf)V/m]

(6.1)

QFe =Q/ WFe

(6.2)

where Q represents milligram of lead absorbed in terms of per gram of KLC@Fe; C0 and
Cf are the initial and final concentrations (mg/L) of lead solution, respectively; V is the
volume of metal ion solution; and m is the weight of KLC@Fe; QFe represents milligram
of lead absorbed in terms of per gram of iron, WFe is the weight percent of iron in
KLC@Fe.
6.1.3.5

Characterization of KLC@Fe
Thermal gravimetric analysis (TGA) of KLC@Fe was conducted from the room

temperature to 800 °C at a heating rate of 10 °C/ min using air at a flow rate of 100
ml/min. It was assumed that the KLC@Fe remained only iron oxides (Fe2O3) after TGA.
The iron weight content in KLC@Fe was estimated from Fe2O3 remained was 23.5 %.
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The chemical composition of KLC@Fe was studied using X-ray diffraction
(XRD, Rigaku SmartLab) with CuKα radiation (λ=1.5406 Å). The morphology of
KLC@Fe was studied by field emission scanning electron microscopy (SEM, JSM6500F) which coupled with an energy dispersive spectroscopy (EDS) and high-resolution
transmission electron microscopy (HRTEM, JEM-2100 LaB6) which also equipped with
an EDS.
For pH effects experiments, the initial pH values of solutions were adjusted to 2,
3, 4, 5, 6, 7 and 8 using diluted HNO3 and NaOH. After adsorption, the adsorbent
KLC@Fe was filtered out and oven dried at 105 °C for 24 h. The pH value of filtered
solutions was measured immediately, and then adjusted to 2. The structure of filtered
KLC@Fe was analyzed by XRD, SEM, and HRTEM.
6.2
6.2.1
6.2.1.1

Results and discussion
Lead adsorption capacity of KLC@Fe
Initial pH effects
Table 6.1 summarizes mean values of adsorption capacity of KLC@Fe for each of

seven levels of initial pH values. The mean value of adsorption capacity as a function of
pH values was also plotted in Figure 6.1. The adsorption of Pb2+ on KLC@Fe was pH
dependent. The protected least significant difference (LSD) multiple comparison
procedure a 5 % significance level was performed to determine mean difference of
adsorption capacity among different initial pH levels using a single LSD value (6.8 for Q,
and 28.9 QFe). Significant increases in Q and QFe were observed as initial pH levels
increased from 2 to 4 (at the increment of 1), and also as initial pH values increased from
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7 to 8. There was no significant difference in adsorption capacity between pH levels of 4
and 5, and among 5, 6, 7.
Table 6.1

Summary mean values of Q (mg/g) and QFe (mg/g) and their mean
comparisons for each of seven initial pH values.

Initial pH

2
3
4
5
6
7
8
0.6
22.9
32.9
35.8
42.5
40.6
67.3
Q
(A)
(B)
(C)
(CD)
(D)
(D)
(F)
2.7
97.4
139.9
152.3
180.9
172.9
286.4
QFe
(A)
(B)
(C)
(CD)
(D)
(D)
(F)
COV
33
9.9
5.2
1.7
5.5
8.4
8.2
COV (%) is coefficient of variance for Q and QFe, the capital letter in brackets are LSD
comparision groups.

Figure 6.1

Initial pH effects on lead adsorption capacity of KLC@Fe.

The Pb2+ in aqueous solution may undergo substitution, hydrolysis, and
precipitation [131]. The proposed reactions:
Pb2+ + Fe(s) = Pb(s) +Fe2+

(6.3)

Pb2+ + 2H2O = Pb(OH)2(s) + 2H+

(6.4)

Fe(s) + 2H+(aq) = Fe2+ + H2(g)

(6.5)

O2(aq) + 4Fe2+ + 6H2O = 4FeOOH(s) + 8H+

(6.6)
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Figure 6.2 shows the final pH values of solutions after KLC@Fe samples were
filtrated. The calculated pH values for metal precipitation was 7.7 for Pb(OH)2. For the
Pb2+ solution having initial pH values from 2 to 5, its final pH value after KLC@Fe being
filtered increased. For the Pb2+ solution having initial pH values of 6 to 8, the final pH
value decreased. The increase of pH values was because of the reaction (6.5). The pH
decreasing from the initial pH of 3 to 7 was because of the reaction (6.6), and for the
initial pH of 8 was due to the reactions (6.4) and (6.6). Ion-exchange reactions dominated
for Pb2+ adsorption, and iron nanoparticles were the active agent for Pb2+ adsorption
(reactions (6.3)). At low pH values (2 to 4), iron nanoparticles were mainly consumed by
high concentrations of H+ in solutions. Thus the adsorption capacity was low. For
medium pH value ranges (5 to 7), iron nanoparticles were substituted for Pb2+ for
absorption. In the case of solution initial pH value of 8, Pb2+ was either absorbed by iron
nanoparticles or precipitated into the lead compound. Experimental results indicated that
the optional pH value of lead solutions for KLC@Fe adsorption was in the range from 5
to 7.

Figure 6.2

Changes in lead solution pH values before KLC@Fe added and after
KLC@Fe removed from lead solution.
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6.2.1.2

Particle size effects
The adsorption capacity of KLC@Fe for particle size effect was calculated and

summarized in Table 6.2, and plotted in Figure 6.3. The amounts of lead absorbed for
particles size < 45 μm, 45 to 75 μm, 75 to 90 μm, 90 to 177 μm, 177 to 255 μm and > 255
μm were 83.0, 49.7, 42.5, 43.2, 42.7, and 39.2 mg/g, respectively. Figure 6.3 indicated
that large particle size did not favor lead adsorption. The protected LSD multiple
comparison procedure a 5 % significance level was performed to determine the mean
difference of adsorption capacity between different particle sizes using a single LSD
value (7.2 for Q, and 30.7 QFe). Significant decreases in Q and QFe were observed as
particles increased from <45 μm to 45-75 μm and from 177-250 μm to >250 μm. There
was no significant difference in adsorption capacity among particle size of 45-75 μm, 7590 μm, 90-177 μm, and 177-250 μm, and among particle size of 75-90 μm, 90-177 μm,
177-250 μm, and >250 μm. The increase in the adsorption capacity by smaller particles
was due to the larger surface area for per unit mass of adsorbent. Experimental results
indicated that at the particle size ranges from 45 μm to 250 μm, the adsorption capacity of
KLC@Fe on lead was stable.
Table 6.2

Summary of mean values of Q (mg/g) and QFe (mg/g) and their mean
comparisons for each of six KLC@Fe particle size (μm).

Size

<45
45-75
75-90
90-177
177-250
>250
83.0
49.7
42.5
43.2
42.7
39.2
Q
(A)
(B)
(BC)
(BC)
(BC)
(C)
353.4
211.5
180.9
183.8
181.8
166.8
QFe
(A)
(B)
(BC)
(BC)
(BC)
(C)
COV
6.1
11.0
5.5
7.7
10.9
5.7
COV (%) is coefficient of variance for Q and QFe, the capital letter in brackets are LSD
comparison groups.
131

Figure 6.3

6.2.1.3

Particle size effects on lead adsorption capacity of KLC@Fe.

Adsorption time effects
The adsorption capacity of KLC@Fe for adsorption time effect was calculated

and summarized in Table 6.3, and plotted in Figure 6.4. The adsorption capacity of
KLC@Fe on lead was increased with time. The protected LSD multiple comparison
procedure a 5 % significance level was performed to determine the mean difference of
adsorption capacity among different adsorption times using a single LSD value (6.5 for
Q, and 27.6 for QFe). Significant increases of Q and QFe was observed as adsorption time
increased from 1 min to 5 min and from 60 min to 120 min. There was no significant
difference in adsorption capacity among adsorption times 5 min and 10 min. There was
no significant increase observed in lead adsorption capacity as adsorption times increased
from 1min to 5 min, 5 min to 10 min,10 min to 60 min, and 120 min, 240 min, 720 min,
and 1440 min. The adsorption of Pb2+ is quite rapid during the initial stages of sorption.
Typically, more than 60 % of the ultimate adsorption occurs within ten minutes, and
about 90 % of the ultimate adsorption occurs within 2 hours. This phenomenon can be
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attributed to the great decrease of the reactive iron nanoparticles sites on the surface of
KLC@Fe.
Table 6.3

Summary of lead adsorption capacity (mg/g) with different adsorption time
(min).

Time

720
1440
1
5
10
20
60
120
240
14.2
19.5
25.1
27.8
30.9
38.3
40.8
42.1
42.5
Q
(A)
(AB)
(BC)
(C)
(C)
(D)
(D)
(D)
(D)
60.6
83.1
106.9 118.5 131.4 163.1 173.8 179.2 180.9
QFe
(A)
(AB)
(BC)
(C)
(C)
(D)
(D)
(D)
(D)
COV
3.2
4.6
2.7
4.1
1.5
5.0
2.3
1.5
5.5
COV (%) is coefficient of variance for Q and QFe, the capital letter in brackets are LSD
comparison groups.

Figure 6.4

Time effects on lead adsorption capacity of KLC@Fe.

Kinetic investigation on lead adsorption of KLC@Fe was determined in order to
understand its adsorption behavior. The adsorption data at different time intervals were fit
for a Pseudo-first-order, Pseudo-second-order, and Elovich kinetic models, respectively.
The Elovich model (Figure 6.5 and Table 6.4) with a coefficient of determination (r2) of
0.96 indicated that it was the best among three models.
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Table 6.4

The parameters of fitted kinetic models of KLC@Fe on lead adsorption.

Model
First-order
Second-Order
Elovich [132]

Equation

Parameter 1

Parameter 2

r2

qt  qe (1  e k1t )

k1=0.1163

qe= 38.06

0.7151

k2 qe2t
1  k2 qet

k2=0.004632

qe=39.89

1
ln( t  1)


α=129.6

β=0.2343

qt 

qt 

0.8532
0.9594

qe is the amount of sorbate removed at equilibrium, qt is the amount of sorbate removed
at time t, k1 and k2 are the first-order and second-order sorption rate constant (h-1),
respectivity, α is the initial sorption rate (mg/g), and β is the desorption constant (g/mg).

Figure 6.5

6.2.1.4

The adsorption date fitted by different kinetic models.

Adsorption isotherms
The adsorption capacity of KLC@Fe for initial lead concentration effect was

calculated and summarized in Table 6.5, and plotted in Figure 6.6. In general, the
KLC@Fe adsorption capacity increased with increased initial lead concentration. The
protected LSD multiple comparison procedure a 5 % significance level was performed to
determine the mean difference of adsorption capacity among different initial lead solution
concentrations using a single LSD value (5.8 for Q, and 24.5 for QFe). Significant
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increase of Q and QFe were observed as initial lead concentrations increased from 10
mg/L to 100 mg/L and from 200 mg/L to 800 mg/L. There was no significant increase in
adsorption capacity as initial lead concentrations increased from 100 mg/L to 200 mg/L.
Table 6.5

Summary of lead adsorption capacity (mg/g) of KLC@Fe samples for
different initial lead concentration (mg/L).

Concentration

10
20
50
100
200
400
800
48.7
8.0
14.7
29.2
40.8
42.5
69.7
Q
(A)
(B)
(C)
(D)
(D)
(F)
(E）
207.4
33.9
62.4
124.1
173.5
180.9
281.6
QFe
(A)
(B)
(C)
(D)
(D)
(F)
（E）
COV
0.9
3.0
3.8
1.1
5.5
4.6
9.3
COV (%) is coefficient of variance for Q and QFe, the capital letter in brackets are LSD
comparison groups.

Figure 6.6

Effect of initial lead concentration on lead adsorption capacity of
KLC@Fe.

Adsorption isotherms were used to describe adsorption processes. The
experimental data for metal ions adsorption onto KLC@Fe were analyzed using the
Langmuir and Freundlich adsorption isotherm models, respectively. The Langmuir
adsorption isotherm [131] assumes that an adsorbate had a homogeneous surface with all
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adsorption sites having equal attraction for molecules. The linear form Langmuir
equation is:

Ce
1
1
(
)(
)Ce
qe kSmax
Smax

(6.7)

where qe is the amount of metal adsorbed per unit weight of adsorbent (mg/g), Ce is the
equilibrium concentration of the adsorbate (mg/L), Smax is the maximum capacity
adsorption capacity (mg/g) and k is a constant related to interaction energy (L/mg).
The Freundlich adsorption isotherm [131] concerns an adsorbate with a
heterogeneous surface, and is for used the low to intermediate adsorbate concentration
range. The linear form of Freundlich equation is:

log qe  log K f  n log Ce

(6.8)

where qe is the amount of metal adsorbed per unit weight of adsorbent (mg/g), Ce is the
equilibrium concentration of the adsorbate (mg/L), Kf is the relative adsorption capacity
constant of the adsorbent (mg/g), and n is the Freundlich linearity constant.
The experimental data were fitted using Langmuir and Freundlich isotherms, and
results were presented in Figure 6.7a and Figure 6.7b, respectively. Regression analyses
indicated that both Langmuir and Freundlich isotherm fitted experimental data well with
r2 values of 0.93 and 0.94, respectively.
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Figure 6.7

6.2.2
6.2.2.1

Langmuir and Freundlich isotherms for Pb2+ adsorption.

Characterization KLC@Fe before and after adsorption
XRD
Figure 6.8 shows XRD patterns of KLC@Fe samples before adsorption, and solid

KLC@Fe filtered from lead solution after adsorption in different pH values. The
diffraction pattern of KLC@Fe indicated that the peak at 44.7° can be ascribed to (110)
reflections of α-Fe [104], and the peaks at 43.7° and 51.0° can be indexed to (111), (200)
reflections of γ-Fe (PDF# ICCD 00-052-0513), respectively. The weak and broad bump
at 2θ range between 20 to 26° can be ascribed to amorphous carbon structures [100] and
few layers graphene [133]. After adsorption of lead, diffraction patterns of filtered solid
KLC@Fe changed. For the initial lead solution with a pH value of 2, the diffraction peaks
reflected both α and γ iron significantly decreased because those were dissolved into the
solution. For the initial lead solution with pH values of 3 and 4, no obvious changes were
observed from XRD patterns. For the initial lead solution with pH values from 5 to 8,
new diffraction peaks related to lead carbon-hydrogen oxide (2PbCO3· Pb(OH)2, PDF#
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00-001-0687) were detected. The formation of 2PbCO3· Pb(OH)2 was related to either the
precipitation of Pb2+ or the oxidation of Pb nanoparticles by water and carbon dioxides.

Figure 6.8

6.2.2.2

XRD patterns of KLC@Fe after adsorption.

SEM
Figure 6.9a is a typical SEM image of KLC@Fe samples before adsorption,

showing that the surface of KLC@Fe samples consists of multilayer grapheneencapsulated iron nanoparticles (MLGEINs) and non-graphitizing carbon. MLGEINs had
a diameter ranging from 10 nm to 200 nm. Figure 6.9b is the enlarged view of Figure
6.9a, showing MLGEINs protruded from KLC@Fe.
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Figure 6.9

SEM images showing morphology of KLC@Fe samples with MLGEINs at
magnifications of (a) 20,000X and (b) 100,000 X.

Figure 6.10 shows SEM observations of KLC@Fe after lead adsorption with an
initial solution pH of 7. Figure 6.10a suggested that the flake-like particles covered on
carbon surface, and EDS results (Figure 6.10b) indicated those flake-like particles were
lead- related compounds.

Figure 6.10

SEM images of KLC@Fe after lead sorption.
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6.2.2.3

HRTEM
Figure 6.11a is a HRTEM image of KLC@Fe samples before adsorption, showing

many of MLGEINs (black spots in the image). Figure 6.11b shows large size of
MLGEINs presenting on the surface of KLC@Fe with a diameter ranging from 30 to 200
nm, which well corresponded with SEM observations. The large size MLGEINs had
more than 5 layers graphene encapsulation. Figure 6.11c shows small size MLGEINs
(diameter usually less than 10 nm) embedded in an amorphous carbon matrix and those
MLGEINs had 1- 3 layers graphene encapsulation.

Figure 6.11

HRTEM images of KLC@Fe, at magnificent levels of (a) 12,500 X, (b)
50,000 X, and (c) 500,000 X.
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HRTEM observations allowed the detailed analysis of the change of MLGEINs
during adsorption process. Figure 6.12 shows HRTEM images of the filtered solid
KLC@Fe samples after lead adsorption. Figure 6.12a shows the size of large MLGEINs
keeps no change after adsorption. Figure 6.12b shows small size MLGEINs were
removed from 1- 3 layers graphene encapsulation and left nano-holes (white circles in
Figure 6.12b). The 2PbCO3·Pb(OH)2 crystal covered on the surface of filtered solid
KLC@Fe samples. Figure 6.12c shows the measured lattice space was 0.42 nm, which
corresponded to (012) planes of 2PbCO3·Pb(OH)2. Figure 6.12d is the electron
diffraction pattern confirming the 2PbCO3·Pb(OH)2 structure. Those observations
indicated that only small size MLGEINs acted as active sites for lead adsorption.

Figure 6.12

HRTEM images of KLC@Fe after adsorption lead solution with initial pH
of 7.

(a) and (b) at magnifications of 500,000 X, (c) is a partial enlarged image of (b) shows
lattice space of PbCO3, (d) is the electron diffraction pattern of (b).
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Figure 6.13

HRTEM images of MLGELNs.

(a) shows the size of MLGELNs ranges from 5 nm to 20 nm, (b) shows (111) planes of
lead, (c) shows (200) planes of lead and (002) planes of carbon, and (d) EDS mapping
results.
Figure 6.14 illustrates the schematic lead adsorption of MLGEINs through ion
exchange reaction. In aqueous lead nitrate solution, Pb2+ was firstly reduced to Pb
nanoparticles by iron nanoparticles in MLGEINs. Part of Pb nanoparticles was
encapsulated by carbon and formed MLGELNs, and other Pb nanoparticles reacted with
water and CO2 and formed 2PbCO3·Pb(OH)2.
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Figure 6.14

6.2.3

Schematic of ion exchange reaction for Pb2+ adsorption of MLGEINs.

Recovery of KLC@Fe from solution
Since KLC@Fe composed of iron nanoparticles, it can be easily recovered from

the polluted solution by a magnet (Figure 6.15). The majority of KLC@Fe was attached
to the magnet in the first 10 s, and almost all KLC@Fe were attached within 30 s.

Figure 6.15

Recovery of KLC@Fe from lead solution.
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6.3

Summary
In summary, KLC@Fe was prepared through kraft lignin catalytic thermal

treatment process. The KLC@Fe composed of small size MLGEINs and large size
MLGEINs. The large size MLGEINs mainly appeared on the surface of KLC@Fe and
had a diameter ranging from 10 nm to 200 nm with a carbon encapsulation of 10-30
graphene layers. The small size MLGEINs had a diameter ranging from 5 nm to 20 nm,
and had a carbon encapsulation of 1- 3 graphene layers.
The KLC@Fe showed a good adsorption capacity for aqueous Pb2+, and the
capacity reached to 83 mg/g for the initial Pb2+ concentration of 200 mg/L, which is
higher than activated carbons and biochars. More than 60 % of the ultimate adsorption
occurs within ten minutes. The adsorption was mainly dominated by ion-exchange of iron
and Pb2+, and the small size MLGEINs worked as active sites. The KLC@Fe can be
rapidly recovered from lead solution by a magnet. This study shows that KLC@Fe is a
promising material for heavy metal ion removal from aqueous solutions.
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CHAPTER VII
METHODS FOR GRAPHENE MATERIALS CHARACTERIZATION
In this chapter, three commercial graphene materials were characterized by the
FTIR (Fourier transform infrared spectroscopy), XRD (X-ray diffraction), Raman
spectroscopy, scanning electron microscopy (SEM), and high-resolution transmission
electron microscopy (HRTEM) with the intention of identifying efficient technique
combination for characterization of graphene materials in a manufacturing environment,
i.e. to quickly characterize the product quality. The difference between those graphene
materials was identified, and the advantages and limitations of each characterization
technique were clarified.
7.1

Materials
Single-layer graphene (ACS-S) purchased from ACS Material, LLC, was made by

thermal exfoliation, and hydrogen reduction of graphene oxides (GO). Single-layer
graphene (US-S) and graphene nano-plate (US-P) purchased from US Research
Nanomaterials, INC, were both synthesized through chemical vapor deposition (CVD)
process. Table 7.1 summarizes the product specifications provided by suppliers.
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Table 7.1

Summary of product specifications of three commercial graphene
materials.

Sample

Product
ID

Thickness
(Å)

Diameter
(µm)

BET
surface
(m2/g)

ACS-S
US-S
US-P

7440-44-0
US1011
US1059

3.4- 13.6
5.5- 12
19- 180

0.5-5
1-12
4- 12

400- 1000
500- 1190
500- 1190

7.2

Electrical
Conductivi
resistivit
ty
y
(S/m)
(Ω∙cm)
≤ 0.3
500- 700
-1000- 1500
4*10-4
--

Characterization
FTIR-ATR spectra of the graphene materials were recorded with the PerkinElmer

FTIR spectrometers at a resolution of 2 cm-1 for 20 scans in the range from 800-1800 cm1

. The samples were pressed against the diamond crystal of ATR device and the pressure

applied was the same for all measurements. A background spectrum of the clear window
was recorded prior to the acquisition of samples before it was converted into absorbance
units. For each sample, the spectra were collected five times. The spectra were baselinecorrected manually using Spectrum® Quant software (PerkinElmer, Massachusetts, US).
The selected range (800- 1800 cm-1) of corrected baseline spectrum was area-normalized
and analyzed by principal component analysis (PCA) using the Unscrambler 10.3 X. The
mean spectra were obtained by averaging the five area-normalized spectrums.
Structure parameters of three commercial graphene materials were studied using
XRD ( Rigaku SmartLab) with CuKα radiation (λ=1.5406 Å) and Raman spectra (Arimas
CRM) with a laser wavelength of 532 nm. The product morphology was characterized by
SEM (JSM-6500F) coupled with an energy dispersive spectroscopy (EDS) and HRTEM
(JEM-2100 LaB6). Samples for SEM observations were coated by 10 nm platinum.
Samples for HRTEM observations were prepared by dispersing the samples in ethanol for
146

10 min with an ultrasonic bath and then a drop of the resulting suspension was placed on
a lacey copper grid.
7.3
7.3.1

Results and discussion
FTIR
Figure 7.1 shows mean FTIR spectra of each of three graphene materials, and the

peaks were numbered and assigned to chemical compounds according to literature in
Table 7.2. The prominent peaks observed in ACS-S are pyrone (~1735 cm-1), sp2-C
(~1566 cm-1), phenolic (1190 to 1220 cm-1), lactol (1050 to 1150 cm-1) and aromatic
ether (~ 1024 cm-1). The major peaks observed in US-S and US-P are quinone (~1675
cm-1), sp2-C (~1566 cm-1), epoxides (1400 to 1480 cm-1, 1280 to 1330 cm-1 and ~850),
carboxylic (~1279 cm-1), aromatic ether (~1024 cm-1). Oxygen/ hydrogen-related groups
observed in ACS-S were mainly because of the imperfect reduction of GO during ACS-S
production. However, oxygen/ hydrogen-related groups contained in US-S and US-P
were probably because of the CVD method produced graphene can be oxidized to GO
during its acid purification process.

Figure 7.1

Mean FTIR spectra of each graphene sample.
147

Table 7.2

Band assignments in the FTIR spectra.

1

Position (cm-1)
~1735

Band origin
C=O

2

~1675

C=O

3

~1608

COOH

Carboxylic acid

[136,137]

4

~1605, ~1566

sp2-C

[136,138]

5

1400-1480

C-O-C

6

1280-1330

C-O-C

Graphitic domains
Epoxides
with 2
oxygen
Epoxides with 3 oxygen

7

~1279

COOH

Carboxylic acid

[135]

8

1190-1220

C-OH

Phenolic

[135,138]

9

1050-1150

C-OH

[136]

10

~1024

=C-O-C

11

~850

C-O-C

Lactol
Aromatic
ether
Epoxides with 9 oxygen

Group/Structure
Pyrone
Quinone

Reference
[134–136]
[134]

[136,137]
[136,137]

[135]
[136,137]

PCA analyses were conducted in the normalized spectral regions ranging from
800 to 1800 cm-1 to compare the differences among different samples in terms of spectra.
Figure 7.2a shows a score plot which illustrates variance of graphene materials spectra.
Figure 7.2b shows that PCA required two principal components to explain about nearly
100 % of the variance in the dataset, in which the first principal component (PC1)
explained nearly 93 %, and the second principal component (PC2) explained nearly 7 %
of the variance, respectively. Three groups were separated in the score plot. Figure 7.2a
shows that US-S and US-P have a positive loading in PC1 while ACS-S has a negative
loading in PC1. The US-S and ACS-S have a positive loading in PC2 while US-P has a
negative loading in PC2. Figure 7.2c illustrates the loading plot of PC1 from software
output. The loadings plot of PC1 gave information on what source of variation (wave
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number) mostly contributed to the difference between samples US-S/ US-P and sample
ACS-S. The PC1 loadings profile shows positive values at absorption bands of C=O
(1675 cm-1) and C-O-C (1400-1480 cm-1, 1290 cm-1, and 870 cm-1 ), indicating higher
amounts of those functional groups in US-S and US-P. The PC1 loadings profile shows
negative values at absorption bands of C-O-H (1190-1220 cm-1 and 1050-1150 cm-1),
indicating higher amounts of those functional groups in ACS-S. The loadings plot of PC2
gave information on what source of variation (wave number) mostly contributed to the
difference between samples US-S/ACS-S and sample US-P. The PC2 loadings profile
shows positive values at absorption bands of C=O (1675 cm-1) and C-OH (1050-1150 cm1

), indicating higher amounts of those functional groups in US-S and ACS-S. The PC2

loadings profile shows negative values at absorption bands of =C-O-C (1024 cm-1),
indicating higher amounts of aromatic ether in US-P. The above analysis suggested that
the degree of oxidation varies among graphene samples and in the order of US-S > USP > ACS-S. This is because the production of ACS-S had a reduction process, but US-S
and US-P had an acid oxidation purifications process. It was assumed that the degree of
oxidation for US-S was high than US-P because US-S is thinner than US-P.
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Figure 7.2

7.3.2

(a)

(b)

(c)

(d)

PCA analysis results: (a) is score plot, (b) is explained variance plot, (c) is
PC1 loading plot, and (d) is PC2 loading plot.

XRD
XRD can be used for determination of the number of layers of graphene, but not a

single layer graphene, since it cannot diffract X-rays and produces no diffraction peaks.
XRD patterns for graphene materials are shown in Figure 6.3. For ACS-S, the broad peak
at 12.3 º and 25.0 º indicated the reflection of graphene oxide (GO) and few layers
graphene sheets [139,140], respectively. ACS-S sample was produced from thermal
exfoliation and hydrogen reduction of GO. Therefore, the presence of GO can be due to
the retention of unreduced GO intermediate products.
For US-S and US-P, the sharp peaks at 23.8 º represented the reflection of
turbostratic carbon (pdf # 01-074-2328). The sharp peaks at 26.4 º and 54.6 º represented
the reflection of graphite (pdf # 00-002-0456). The insert images in Figure 7.3 showing
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the fitted 2θ range between 8 º and 40 º, the broad peak at around 14 º and 25 º
represented the reflection of GO and few layers graphene sheets, respectively. US-S and
US-P samples were synthesized through CVD process and followed a strong acid
purification process required for removing the catalyst. Thus, the presence of GO in those
two samples is because few layers graphene was partly oxidized by acid.

Figure 7.3

XRD pattern of ACS-S, US-S, and US-P.

The d-spacing, thickness (Lc), and relative fraction of GO, graphene, and graphite
in those samples was calculated from the fitted 2θ range between 8º and 40º. The dspacing was calculated by Bragg diffraction formula of d = λ/2 sin θ, where d is the dspacing, λ is the wavelength of incident X-rays,  correspond to the Bragg angle of the
peak.
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Table 7.3 summarizes the d-spacing of GO, graphene, turbostratic carbon, and
graphite for each of three samples. The ACS-S had largest d-spacing of GO (7.19 Å) and
graphene (3.55 Å), which can be attributed to the high oxidization condition and thermal
exfoliation process during ACS-S production. In comparison to US-S, the US-P had
lower d-spacing of GO, graphene, turbostratic carbon, and graphite, which suggested that
US-P had a higher graphitization degree than US-S during the CVD process. The US-S
has a relative higher d-spacing of GO is due to the acid purification condition, not such
strong to fully exfoliation the CVD graphene layers.
The thickness (Lc) of three graphene materials were calculated based on
corresponding bands at half maximum intensity using Scherrer equation:
Lc 

K
B cos 

(7.1)

where λ is the wavelength of incident X-rays, B and  correspond to the full width at half
maximum (FWHM) and the Bragg angle of the peak respectively. Table 7.3 shows the
calculated results. It can be estimated from Lc and d-spacing that GO was consists of 2 to
3 layers oxidized graphene, few layers graphene sheets was consist of 3 layers graphene
for each of three graphene materials. The turbostratic carbon in US-S and US-P were
consists of 78, and 65 layers graphene, respectively. The graphite in US-S and US-P
compose of 78, and 79 layers graphene, respectively. The average thicknesses of each of
three samples were also estimated through calculating arithmetic average of GO/
graphene/ graphite crystallite thickness, and which is 8 Å for ACS-S, 198 Å for US-S and
216 Å for US-P, respectively. XRD results indicated that ACS-S had a uniform thickness

152

distribution (mainly contains 3 layers graphene), while US-S and US-P had non-uniform
thickness distribution (contains 3 layers graphene and thick graphite).
The relative GO/graphene/graphite component was roughly estimated by
calculating the integral area of the corresponding fitted band in 8 to 40 º range. The ACSS consists of 91.07 % graphene and 8.93 % GO. The US-S composed of 10.79 %
graphene, 13. 86 % GO and 75.36 % graphite. The US-P consisted of 9.50 % graphene,
9.40 % GO and 81.66 % graphite.
Table 7.3

Phase composition and structure parameter of graphene samples

Sample

Phase

Peak
(°)

ACS-S
R2=6.26
%

GO

12.30

dspace
(Å)
7.189

Graphene

25.04

3.550

Lc
(Å)

Layers

Area
(%)

17

3

8.93

7

3

91.07

Average
thickness(Å)
8

GO
13.75
6.434
12
3
10.79
Turbostrati
23.81
3.734
289
78
0.45
c carbon
198
Graphene
25.13
3.541
5
3
13.86
Graphite
26.42
3.370
260
78
74.91
GO
14.33
6.174
12
3
9.50
US-P
Turbostrati
23.83
3.730
273
65
0.49
R2=8.86
c carbon
216
%
Graphene
26.42
3.371
6
3
9.40
Graphite
26.45
3.367
262
79
81.17
2
2
R is errors of residue for the fitted XRD patterns, and small R values indicated that the
curves fit well to the experimental XRD patterns.
US-S
R2=7.77
%

7.3.3

Raman
The Raman shift of graphene samples is shown in Figure 7.4. The D band around

1360 cm-1 corresponds to structure disorders in graphene [141]. The G band around 1590
cm-1 is a primary in-plane vibrational mode of graphene [142]. ID and IG represent the
intensity (in height) of D and G band, respectively. The ratio of ID/ (ID+IG) can be used to
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estimate structure defects of graphene materials. The crystal diameter (La, nm) of
graphene materials also can be calculated using following equation [141]:

La  (2.4 1010 ) 4 (

IG
)
ID

(7.2)

where  is the wavelength of the Raman laser.
The 2D band appears at 2600 to 2800 cm-1 in Figure 7.4 was due to the second
order of the zone-boundary phonons. In general, a 2D band can be separated to 2D1 (~
2670 cm-1) and 2D2 (~2720 cm-1) bands. The intensities of 2D1 and 2D2 can be used to
identify the number of layers for graphene materials. Higher intensity of 2D1 compared to
2D2 indicated graphene materials have more than 6- layers graphene [143]. The peak at
about 2950 cm-1 is associated with a D+G band which represents the defects and
curvatures of graphene planes [141,144]. The insert images in Figure 7.4 showing the
fitted Raman shift between 2300 and 3300 cm-1, the US-S and US-P have more than six
layers graphene stacking, and the graphene stacking of ACS-S sample was less than 6.
US-S and US-P samples had large crystal diameter (Figure 7.5a) and contained fewer
structure defects (Figure 7.5b) compared to ACS-S.
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Figure 7.4

Raman spectra of graphene samples.

a

b

Figure 7.5

7.3.4

The calculation results of crystal size and defects rate of graphene samples.

SEM
Figure 7.6a and Figure 7.6b indicated that ACS-S sample had a bellow flexure

structure with micro-wrinkling, its particle size ranging from 0.5 to 5 μm, and an
estimated thickness of 3 nm.
US-S sample had (Figure 7.6c and Figure 7.6d) a large graphene/graphite sheets
with a particle size ranging from 1 to 10 μm, and an estimated thickness ranging from 10
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to 30 nm. The surface of US-S sample was flat and smooth. US-P sample had a sheet
structure (Figure 7.6e and f) which were larger and thicker than US-S with its particle
size of ranging from 3 to 30 μm and thickness ranging from 10 to 40 nm.
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Figure 7.6

SEM images of graphene samples: (a) ACS-S at magnification of 2000 and
(b) 3,000X, (c) US-S at magnification of 2,000X and (d) 3,000X, (e) US-P
at magnification of 2,000X and (f) 4,000X.
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7.3.5

HRTEM observations
HRTEM observations of ACS-S sample indicated crumpled multilayer graphene

sheets (Figure 7.7a), and each graphene layer arranged to a staggered form (Figure 7.7b).
The measured d-spacing was around 3.6 Å. Both multilayer graphene sheets and graphite
were observed in US-S and US-P samples. Those graphene/graphite sheets and each
graphene layers were closely combined by Van der Waals force. The d-spacing of
graphene/graphite sheets were 3.4- 3.5 Å. ACS-S had structure defects of including
distorted fringes (Figure 7.8a), which were formed because of the strong oxidation during
the graphite exfoliation stage. US- S and US- P samples contained some micro-pores with
the diameter of 5 to 10 nm (Figure 7.8b), formed during the process of acid removing
catalyst. Figure 7.8c shows some survived catalysts in graphene sheets, which is the main
impurity of US- S and US- P samples. The energy dispersive spectroscopy (EDS)
mapping results suggested that the iron-based catalyst was used in US- S and US- P
production process.
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Figure 7.7

HRTEM images of graphene samples: (a) and (b) ACS-S, (c) and (d) US-S,
(e) and (f) US-P.
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Figure 7.8

7.4

Structure defects of graphene sample of (a) ACS-S, (b) US-S, (c) US-P.

Summary
In summary, the ACS-S contains around 91 % of graphene sheets and 9 % GO;

US-S contains around 14 % of graphene sheets, 75 % graphite sheets and 11 % GO, and
US-P contains around 10 % of graphene sheets and 80 % graphite sheets. And 10 % GO.
It can be concluded from the SEM observations that ACS-S (graphene sample from GO
reduction process) has a relatively small lateral size and contains many of microwrinkling. However, the US-S and US-P has a large lateral size with a flat surface. The
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ACS- S has relative small sheet lateral size (0.5- 5 μm) and large d-spacing (~ 3.6 Å)
between each aromatic carbon layer. The US-S and US-P have relative large sheet lateral
size (3-30 μm) and small d-spacing (3.4~ 3.5 Å) between each aromatic carbon layer. The
average thickness of ACS-S is 33.8 Å; US-S is 215.7 Å, and US-P is 197.9 Å,
respectively. The ACS-S graphene is crumpled and contains many distorted fringes and
micro-pores (1- 3 nm), while the US- S and US- P graphene are flat contain some micropores (5-10 nm) and catalyst impurities.
FTIR techniques can be used to identify the functional groups (which is the
defects of graphene) contained in graphene materials. XRD technique is a good method
to evaluate the average structure parameters (such as lateral size and thickness) of
graphene materials, and which can also be used to rough estimation the relative content
of graphitic materials. SEM technique can be used to characterize the morphology of
graphene materials. Raman technique is a good method for recognizing the defects in
graphene materials. HRTEM technique can be used to visualize the detail information of
graphene fringes structure defects.
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CHAPTER VIII
CONCLUSION AND FUTURE WORK
8.1

Conclusion
In this project, the thermal degradation of kraft lignin and structure of lignin-

derived carbon was studied. Iron catalytic thermal conversion of lignin to graphene-based
nanomaterials was also conducted. The catalytic thermal conversion mechanism was
discussed. The lignin-derived carbon/ iron composites were used to as sorption materials
for Pb2+ removal. In addition, several commercial graphene samples were characterized
for comparison study. The results we have learned from this research are listed in
follows.
1. Thermal degradation of lignin mainly happened at the temperature below 600
ºC. The crystallinity of thermally treated kraft lignin derived-carbon increased with
temperature. XRD results indicated that as temperature increased from 500 to 1000 ºC,
the amorphous portion in carbon decreased from 90 % to 79 %. The growth of carbon
crystallite is strongly direction-dependent, in which carbon lateral crystallite size (La) is
increased with temperature while thickness of carbon crystallite (Lc) approximately keeps
no change. The increased La from 6.97 to 13.96 Å, the d002 decreased from 3.56 to 3.49
Å, the Lc approximate keep no change between 8 to 9 Å.
2. The graphene-based nanomaterials include MLGEINs, MLG sheets, and MLG
nanoribbons were synthesized by the iron catalytic thermal conversion of kraft lignin.
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The formation process of graphene-based nanomaterials involved the reduction of iron
oxides to iron nanoparticles, and the dissolution and precipitation of both solid carbon
matter and carbonous gases on iron particles surface. Specifically, MLGEINs were
produced at the temperature above 750 ºC. MLG sheets and MLG nanoribbons were
formed at the temperature above 600 ºC. It was found that carbonous gases from kraft
lignin decomposition acted as the carbon source for MLG sheets and MLG nanoribbons
formation, and lignin carbonized carbon acted as the solid carbon source for MLGEINs
production. The yield of carbon-based nanomaterials increased with iron loading. Iron
nanoparticles catalysis favors to form MLG nanoribbons, while iron nitrate catalysis
favors to form MLGEINs.
3. The iron catalytic lignin-derived carbon/ nano-iron composites shown a good
sorption capacity for aqueous Pb2+ solutions, and the capacity reached to 83 mg/g for the
initial Pb2+ concentration of 200 mg/L. The sorption rate is quite rapid and more than
60 % of the ultimate absorption occurs within the first ten minutes. The adsorption
mechanism was investigated and which is dominated by ion-exchange of iron and Pb2+.
The HRTEM image suggests the lead nanoparticle was encapsulated into carbon shells.
The MLGEINs could be rapidly recovered from lead solution by a magnet.
4. Three commercial graphene samples were evaluated to explore the
characterization techniques for analyzing graphene-based materials. It was found that
each characterization technique has its own limitation. It is necessary to combine those
techniques to obtain accurate results for graphene materials characterization. FTIR
techniques can be used to identify the functional groups (which is the defects of
graphene) contained in graphene materials. XRD technique is a good method to evaluate
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the average structure parameters (such as lateral size and thickness) of graphene
materials, and which can also be used to rough estimation the relative content of graphitic
materials. SEM technique can be used to characterize morphology of graphene materials.
Raman technique is a good method for recognizing the defects in graphene materials.
HRTEM technique can be used to visualize the detail information of graphene fringes
structure defects.
8.2

Future work
In a future study, the focus should be put on the control of catalytic conversion

process, to obtain high yield and selectivity of graphene-based nanomaterials from lignin.
Since lignin is available in a large quantitively, scale up of the catalytic conversion
process should be achieved to produce graphene-based nanomaterials in kilograms level
per run.
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1
2
3

33.1427
29.7337
31.5398

No. crucible

Air dry
Moisture Oven dry
Ash
Ash
Crucible + ash (g)
lignin (g) content (%) lignin (g)
weight (g) content (%)
2.2647
9.25
2.0730
33.1519
0.0092
0.44
2.2745
9.25
2.0819
29.7461
0.0124
0.60
2.2822
9.25
2.0890
31.5512
0.0114
0.55
Average
0.53
STD
0.08
COV
14.64

Data for lignin ash testing.

Data of ash testing

Table A.1

A.1
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B.1

Convert the HRTEM image to negative image
Figure B.1a shows the original HRTEM image of KL-1000, which was taken

under 400 K times magnification. It can be seen that graphene layers (short and tortuous
black fringes in the image) are stacking as a turbostratic structure in the short range. Set
the origin scale in the HRTEM image into the ImageJ software before the negative
transformation. The negative transformation was applied by simply click the command:
Edit—Invert, and the output image in shown in the Figure B.1b. After the negative
transformation, the brighter fringes corresponded to graphene layers, while the dark
segments corresponded to the background. It had been reported that negative
transformation reduced the complexity in the subsequent fringe morphological
modification and skeletonization steps [145].

Figure B.1

Comparison HRTEM images before and after negative transformation: (a)
is origin HRTEM image, and (b) is negatively transformed image.
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B.2

Select the suitable region
After contrast enhancement, a suitable region was manually chosen by ImageJ for

further image processing (Figure B.2a). Then, clear outside of the selected area and the
resulting image is shown in the Figure B.2b.

Figure B.2

B.3

Select the suitable region from image: (a) selected region and (b) clear
outside from selected region.

Enhance image contrast
The contrast of an image is defined by the pixel intensity spread in an image.

Generally, the image which has a large difference in intensity (between bright and dark)
has high contrast. The contrast enhancement was applied by simply click the command:
Process—Enhance Contrast, and the dialog is shown in the Figure B.3a. The histogram
equalization was used due to it can transform the image intensity histogram into a
uniform probability density function and improves contrast by expanding the image
intensity to full gray scale. And the saturated pixels and normalize parameters are ignored
when “Equalize histogram” option is clicked. The resulting histogram equalization image
is shown in the Figure B.3b.
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Figure B.3

B.4

Illustration of enhancing contrast process: (a) Enhance contrast dialog in
ImageJ and (b) Image after contrast enhancement.

Image filtration
The background noise was elevated, and the elevation of background noise will

affect the following image skeletonization. In order to eliminate the background noise, a
low-pass filter was applied to the image by simply click the command: Process—
Filters—Gaussian Blur. The Gaussian filter size of 10 is used, and the resulting image is
shown in Figure B.4.

Figure B.4

HRTEM image after lowpass Gaussian filtration.
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B.5

Auto local threshold
After eliminating the background noise, the image was converted to a binary

image to extract graphene fringes from the background. It was reported that the uneven
illumination would affect the extraction of graphene layers. To solve this problem, some
researchers performed a correction method for the uneven image illumination before
analysis [145–147]. However, the ImageJ software provides a threshing method which
could solve the uneven illumination directly and simply the image processing procedure.
The operation comment was: Image—Adjust—Auto Local Threshold. It is worth to be
noted that the ImageJ provides many auto threshold options for thresholding the image.
It is better to try all the methods and decide the most suitable methods for this step. In
this case, it is found the Mean Threshold was most suitable for extracting the graphene
fringes, and the radius value of 15 was used. The resulting image is shown in the Figure
B.5b.

Figure B.5

Illustration of auto local threshold process: (a) auto local threshold dialog
in ImageJ and (b) Image after mean auto local threshold.
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B.6

Morphological modification
The morphological modification was performed after threshold to repair the

aggregate graphene layers. The morphological modification is contains two steps. The
first step was Morphological Opening, which aimed to smooth an image by breaking
narrow joints and removing thin protrusions. And the second was Morphological Closing,
which intended to smooth an image by fusing narrow breaks and eliminating small gaps
and holes [145]. The morphological modification can be applied by clicking the ImageJ
command: Process— Binary— Open (or Close), and the resulting image is shown in the
Figure B.6.

Figure B.6

B.7

Morphological modified image

Clearing fringes on the selected region border
The white border line in the selected region was not the graphene fringes and

needed to remove from the image. Just simply select the border and clear the selected
region could remove the white border line, and the resulting image is shown in the Figure
B.7.
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Figure B.7

B.8

The image after remove selected region border

Skeletonization
The skeleton of each fringe was extracted for further statistical analysis, and it can

be applied by the command: Process—Binary—Skeletonize. The resulting image is
shown in the Figure B.8.

Figure B.8

B.9

Skeletonized image.

Analysis lattice length and tortuosity
The former researchers have defined many parameters that were used to quantify

the nanostructure of carbon materials [148–152], and the most important two was fringe
187

length (which refers to La) and tortuosity. The tortuosity of carbon was defined by Shim
et al. and which was the fringe length divide by the end point distance of fringe, as shown
in the Figure B.9.
The La and tortuosity of graphene fringes skeletons were calculated. The
command in the ImageJ is: Plugins—Skeleton—Analyze Skeleton (2D/3D), and shown
in the Figure B.10. The fringe length and end point distance were present to the output
data, and the tortuosity was simply calculated by the fringe length divide by the end point
distance of fringe. The double aromatic ring size is 0.5 nm. The La less than 0.5 nm were
considered as amorphous carbon and discarded for statistics analysis.

Figure B.9

Calculation of fringe length and tortuosity: (a) Scheme of a continuous
domain, (b) approximation in the digitized image domain.

Figure B.10 Illustration of the skeleton analysis process.
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Air dry
lignin
(g)

Oven dry Fe(NO3)3
MC
lignin
·9H2O
(%)
(g)
(g)

lignin-Fe MC
(%)
1.43
1.00
2.14
1.84

Lignin in
a.d. lignin-Fe
(%)
95.66
94.41
90.20
87.22

The chemical composition of lignin-Fe precursor.

Fe loading
(%. wt)
1.25
2.50
5.00
7.50

Table C.2

Beaker
weight
(g)

DI
Water
(ml)

Fe in
a.d. lignin-Fe
(%)
1.19
2.36
4.51
6.54

80ºC dried
Fe
Beaker +
8
(g)
lignin-Fe
(g)
1.25
399.20 43.7050 9.25 40.0046
3.6027
0.4994
200
441.44
2.50
400.53 43.7100 9.25 40.0092
7.2164
1.0003
200
443.58
5.00
399.43 43.7050 9.25 40.0046 14.4366 2.0011
200
445.34
7.50
395.36 43.7000 9.25 40.0000 21.6450 3.0003
200
443.14
Note: (1) MC means moisture content; (2) o.d. means oven dry; (3) a.d. means air dry

Raw data for preparation of lignin-Fe precursor.

N compound in
a.d. lignin-Fe
(%)
1.72
2.23
3.15
4.39

120ºC o.d.
Beaker +
lignin-Fe
(g)
440.43
442.49
442.85
440.39

Raw data for preparation of lignin-Fe precursor and composition of lignin-Fe precursor

Table C.1

C.1
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Beaker +
a.d.
a.d. ligninlignin-Fe
Fe
(g)
(g)
41.82
441.02
42.38
442.91
44.35
443.78
45.86
441.22

DATA FOR LIGNIN AND LIGNIN-FE PRECURSOR THERMAL TREATMENT
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4

3

2

1

In
Out
In
Out
In
Out
In
Out

Trial
Boat
No. location
27.7766
24.0697
27.7752
24.0707
27.7668
24.0664
27.7433
22.6338

Boat
weight (g)

a.d.
lignin
(g)
1.7931
1.8523
2.0161
2.2906
2.1642
2.3881
2.2696
2.1022

Raw data for thermal treatment of KL/Fe0.

1.6413
1.6955
1.8454
2.0967
1.9810
2.1859
2.0774
1.9242

o.d. lignin
(g)
0.008699
0.008986
0.009781
0.011112
0.010499
0.011585
0.01101
0.010198

Ash
(g)

Raw data for thermal treatment of lignin and lignin-Fe precursor

Table D.1

D.1
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Boat+
products
(g)
28.447
24.7684
28.5309
24.9321
28.5705
24.9621
28.5944
23.4172

o.d.
Product
(g)
0.6704
0.6987
0.7557
0.8614
0.8037
0.8957
0.8511
0.7834
Average

40.85
41.21
40.95
41.08
40.57
40.98
40.97
40.71
40.91

Ync (%)

40.53
40.90
40.64
40.77
40.25
40.66
40.65
40.40
40.60

Yc (%)

Table D.2
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4

3

2

1

In
Out
In
Out
In
Out
In
Out

Trial
Boat
No. location
27.8456
23.0160
27.8334
22.9916
27.8233
22.9775
27.8184
22.9661

Boat
weight
(g)

a.d.
ligninFe
(g)
2.1218
2.1195
2.1323
2.1798
3.11
3.1902
3.1409
3.1822
2.0919
2.0896
2.1022
2.1490
3.0661
3.1452
3.0966
3.1373

o.d.
lignin-Fe
(g)

Raw data for thermal treatment of KL/Fe1.25.

2.0297
2.0275
2.0397
2.0852
2.9750
3.0517
3.0046
3.0441

o.d.
lignin
(g)
0.0253
0.0253
0.0254
0.0260
0.0371
0.0381
0.0375
0.0380

Fe (g)
0.0107
0.0107
0.0108
0.0111
0.0158
0.0162
0.0159
0.0161

Ash
(g)
28.7818
23.9511
28.7754
23.9574
29.2036
24.3829
29.2109
24.3777

Boat+
products
(g)
0.9362
0.9351
0.9420
0.9658
1.3803
1.4054
1.3925
1.4116
Average

o.d.
Product
(g)

44.75
44.75
44.81
44.94
45.02
44.68
44.97
44.99
44.86

Ync
(%)

44.59
44.58
44.64
44.78
44.86
44.51
44.81
44.83
44.70

Yc
(%)

4

3

2

1

In
Out
In
Out
In
Out
In
Out

Boat
weight
(g)
27.8179
22.9614
27.814
22.954
27.8111
22.9519
27.8107
22.9483

a.d.
lignin-Fe
(g)
3.1527
3.1686
3.103
3.1537
2.1893
2.2027
2.1925
2.1925

o.d.
lignin-Fe
(g)
3.1215
3.1372
3.0723
3.1225
2.1676
2.1809
2.1708
2.1708

Raw data for thermal treatment of KL/Fe2.5.

Trial
Boat
No. location

Table D.3
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o.d.
lignin
(g)
2.9763
2.9913
2.9294
2.9773
2.0668
2.0795
2.0699
2.0699
0.0743
0.0747
0.0731
0.0743
0.0516
0.0519
0.0517
0.0517

Fe (g)
0.0158
0.0159
0.0155
0.0158
0.0110
0.0110
0.0110
0.0110

Ash
(g)

Boat+
products
(g)
29.2687
24.4286
29.2527
24.4179
28.8258
23.9741
28.8132
23.9572

o.d.
Product
(g)
1.4508
1.4672
1.4387
1.4639
1.0147
1.0222
1.0025
1.0089
Average
46.48
46.77
46.83
46.88
46.81
46.87
46.18
46.48
46.66

Ync
(%)

45.96
46.27
46.33
46.39
46.31
46.38
45.65
45.96
46.16

Yc
(%)

Table D.4
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4

3

2

1

In
Out
In
Out
In
Out
In
Out

Trial
Boat
No. location

Boat
weight
(g)
27.8099
22.9476
27.8062
22.9422
27.8053
22.9353
27.8024
22.9313

a.d.
lignin-Fe
(g)
2.1995
2.2351
2.1369
2.1302
3.2404
3.2418
3.2033
3.2082

o.d.
lignin-Fe
(g)
2.1534
2.1883
2.0921
2.0856
3.1725
3.1739
3.1362
3.1410

Raw data for thermal treatment of KL/Fe5.
o.d.
lignin
(g)
1.9839
2.0161
1.9275
1.9214
2.9228
2.9241
2.8894
2.8938
0.0993
0.1009
0.0964
0.0961
0.1463
0.1463
0.1446
0.1448

Fe
(g)
0.0105
0.0107
0.0102
0.0102
0.0155
0.0155
0.0153
0.0153

Ash
(g)

Boat+
products
(g)
28.838
23.9895
28.803
23.9383
29.3215
24.4495
29.2974
24.4292

o.d.
Product
(g)
1.0281
1.0419
0.9968
0.9961
1.5162
1.5142
1.4950
1.4979
Average
47.74
47.61
47.65
47.76
47.79
47.71
47.67
47.69
47.70

Ync
(%)

46.53
46.39
46.43
46.56
46.59
46.50
46.45
46.47
46.49

Yc
(%)

Table D.5
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4

3

2

1

Tri
al
No
.
Boat
weight
(g)
27.7986
22.9251
27.7974
22.9258
27.7947
22.9242
27.7922
22.921

Boat
locatio
n
In

Out
In

Out
In

Out
In

Out

3.5293

3.5251

3.5231

3.5199

2.3347

2.3285

2.3159

2.3418

a.d.
lignin-Fe
(g)

3.4655

3.4614

3.4594

3.4563

2.2925

2.2864

2.2741

2.2995

o.d.
lignin-Fe
(g)

Raw data for thermal treatment of KL/Fe7.5.

Fe (g)
0.153
1
0.151
5
0.152
3
0.152
7
0.230
2
0.230
4
0.230
5
0.230
8

o.d.
lignin
(g)
2.042
6
2.020
0
2.031
0
2.036
4
3.070
2
3.073
0
3.074
8
3.078
4

0.010
8
0.010
7
0.010
8
0.010
8
0.016
3
0.016
3
0.016
3
0.016
3

Ash
(g)

24.6116

29.4692

24.6022

29.4617

24.047

28.9081

24.0332

28.9082

Boat+
products
(g)

48.78
48.55

Average

48.45

48.50

48.23

48.91

48.58

48.73

48.25

Ync
(%)

1.6906

1.6770

1.6780

1.6670

1.1212

1.1107

1.1081

1.1096

o.d.
Product
(g)

46.88

47.14

46.76

46.83

46.51

47.28

46.91

47.08

46.54

Yc
(%)

DATA FOR YIELD ANALYSIS
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E.1

Data of thermal conversion yield

Table E.1
Location

Summary of non-correcting yield (Ync %).
Trial

1
2
3
Inflow
(%)
4
Mean
COV
1
2
3
Outflow
(%)
4
Mean
COV
Average (%)
COV (%)

Table E.2
Location

0
40.85
40.95
40.57
40.97
40.84
0.45
41.21
41.08
40.98
40.71
41.00
0.52
40.91
0.50

1.25
44.75
44.81
45.02
44.97
44.89
0.26
44.75
44.94
44.68
44.99
44.84
0.33
44.86
0.29

Iron loading (%)
2.50
46.48
46.83
46.81
46.18
46.58
0.66
46.77
46.88
46.87
46.48
46.75
0.40
46.66
0.54

5.00
47.74
47.65
47.79
47.67
47.71
0.14
47.61
47.76
47.71
47.69
47.69
0.13
47.70
0.13

7.50
48.25
48.58
48.23
48.45
48.38
0.35
48.73
48.91
48.50
48.78
48.73
0.35
48.55
0.50

5.00
46.53
46.43
46.59
46.45
46.50
0.16
46.39
46.56
46.50
46.47
46.48
0.15
46.25
0.15

7.50
46.54
46.91
46.51
46.76
46.68
0.41
47.08
47.28
46.83
47.14
47.08
0.40
46.63
0.59

Summary of correcting yield (Yc %).
Trial

1
2
3
Inflow
(%)
4
Mean
COV
1
2
3
Outflow
(%)
4
Mean
COV
Average (%)
COV (%)

0
40.53
40.64
40.25
40.65
40.52
0.46
40.90
40.77
40.66
40.40
40.68
0.52
40.60
0.50

1.25
44.59
44.64
44.86
44.81
44.73
0.29
44.58
44.78
44.51
44.83
44.68
0.35
44.46
0.30
198

Iron loading (%)
2.50
45.96
46.33
46.31
45.65
46.06
0.70
46.27
46.39
46.38
45.96
46.25
0.43
45.91
0.58

E.2

Data of yield analysis by SAS

Table E.3

ANOVA table of non-correcting yield (Ync %).

Source
DF
Corrected Total
39
Model
9
Iron loading
4
Location
1
Iron loading* Location 4
Error
30

Table E.4

F
E
D
D
C
C
B
B
A
A

Mean Square

F Value

Pr > F

32.6345100
73.3360787
0.1537600
0.0531288
0.0312800

1043.30
2344.50
4.92
1.70

<.0001
<.0001
0.0343
0.1764

Mean comparison of iron loading* location of non-correcting yield (Ync %).

Y LSMEAN
48.7300
48.3775
47.7125
47.6925
46.7500
46.5750
44.8875
44.8400
40.9950
40.8350

Table E.5

Sum of Squares
294.6489900
293.7105900
293.3443150
0.1537600
0.2125150
0.9384000

LS-means with the same letter
are not significantly different.
Iron loading
Location
7.5
2
7.5
1
5
1
5
2
2.5
2
2.5
1
1.25
1
1.25
2
0
2
0
1

LSMEAN Number
10
9
7
8
6
5
3
4
2
1

ANOVA table of correcting yield (Yc %).

Source
Corrected Total
Model
Iron loading
Location
Iron loading* Location
Error

DF
39
9
4
1
4
30

Sum of Squares
213.8173900
212.7758900
212.3213150
0.1876900
0.2668850
1.0415000
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Mean Square

F Value

Pr > F

23.6417656
53.0803288
0.1876900
0.0667213
0.0347167

680.99
1528.96
5.41
1.92

<.0001
<.0001
0.0270
0.1325

Table E.6

Mean comparison of iron loading* location of correcting yield (Yc %).
LS-means with the same letter
are not significantly different.
Y LSMEAN

Iron loading

Location

LSMEAN Number

F

47.0825

7.5

2

10

E

46.6800

7.5

1

9

D

E

46.5000

5

1

7

D

E

46.4800

5

2

8

D

C

46.2500

2.5

2

6

C

46.0625

2.5

1

5

B

44.7250

1.25

1

3

B

44.6750

1.25

2

4

A

40.6825

0

2

2

A

40.5175

0

1

1
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FITTING PROCEDURE AND RESULTS FOR XRD PATTERN
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F.1

The fitting procedures
•

Scan the specific range for iron phases (31- 37° for Fe2O3, 40.5- 46.5° for

FeO, 41.5- 46.5° for α-Fe, γ-Fe and Fe3C);
•

Used start and end point for each range to define a linear background by

Jade 2010 software;
•

Selected the diffraction peak for iron phases, implement fitting procedure

(kα2 is present, use the pseudo-Voigt function) to experimental data.
•

Implemented fitting procedure to experimental data by selected diffraction

•

Calculated relative fraction of α-Fe, γ-Fe and Fe3C by its area ratio from

peaks;

fitting outputs;
•

Calculated carbon weight in γ-Fe by
C= (a- 0.3440)/ 0.0085
a= √3 × λ/2sinθ

Where, C is the carbon weight percent in γ-Fe, a is the lattice content of γ-Fe, r is
the wavelength of X-ray (1.5406 A), θ is peak centroid for (111) plane of γ-Fe.
•

Particle size was calculated by applying Sherrer equation, which is,
L

0.9
( BM2  BS2 )  cos 

Where, λ is wavelength of the target CuKα (1.5406 Å), BM is the full width at
half maximum of highest intensity diffracted plane, BS is the full width at half maximum
of the standard materials in radians (BS = 0.1º × π/180 º), θ is peak centroid for highest
intensity diffracted plane.
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F.2

The fitting XRD pattern and results

Figure F.1

Experimental and fitted X-Ray diffraction patterns for 300 °C carbonized
products (2θ =32.5- 39.5°).

Figure F.2

Experimental and fitted X-Ray diffraction patterns for 400 °C carbonized
products (2θ =32.5- 39.5°).
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Figure F.3

Experimental and fitted X-Ray diffraction patterns for 500 °C carbonized
products (2θ =32.5- 39.5°).

Figure F.4

Experimental and fitted X-Ray diffraction patterns for 550 °C carbonized
products (2θ =32.5- 39.5°).
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Figure F.5

Experimental and fitted X-Ray diffraction patterns for 550 °C carbonized
products (2θ =40.5- 45.5°).

Figure F.6

Experimental and fitted X-Ray diffraction patterns for 600 °C carbonized
products (2θ =41.5- 46.5°).
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Figure F.7

Experimental and fitted X-Ray diffraction patterns for 700 °C carbonized
products (2θ =41.5- 46.5°).

Figure F.8

Experimental and fitted X-Ray diffraction patterns for 750 °C carbonized
products (2θ =41.5- 46.5°).
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Figure F.9

Experimental and fitted X-Ray diffraction patterns for 800 °C carbonized
products (2θ =41.5- 46.5°).

Figure F.10 Experimental and fitted X-Ray diffraction patterns for 900 °C carbonized
products (2θ =41.5- 46.5°).
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Figure F.11 Experimental and fitted X-Ray diffraction patterns for 1000 °C carbonized
products (2θ =41.5- 46.5°).

Table F.1

Temperature
(°C)
300
400
500
550
600
700
750
800
900
1000

Relative fraction of α-Fe, γ-Fe and Fe3C, average particle size Fe phases
and carbon content in γ-Fe from fitting results.
Grain size (nm)
Fe2O3 FeO α-Fe γ-Fe Fe3C
5.4
9.0
13.7
4.6
5.3 60.3
84.0
109.7 16.8
86.4 16.1
54.8 32.3
63.6 42.0
59.2 60.1 5.3
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Relative content
(wt.%)
α-Fe γ-Fe Fe3C
100
84.6 15.4
81.9 18.1
54.7 45.3
38.7 61.3
44.1 42.1
13.8

Carbon in γFe
(wt. %)
1.79
1.86
1.94
1.81
1.85

